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ABSTBACT

A surfacs-condenser analysis coda was coupled wi+h a
constrained function aminimization zods to produce ar au%o-
matad marine condenser design and optimization package. The
program, CONDIP, was based on th2 principles developed in
ORCON1, a sophisticated computer cod2 produced by <+he Oak
Ridge Natioral Labora*ory. CONMIN, the optimizatzion progranm,
was developed at the Ames Research lenter.

CCNDIP i1s an extremely versatile design t20l, inccrpo-
rating a detailed analysis of the complex stzam-side thermo-
dynaaic processes occurring at each «row in the cordenser.
The additicnal capability of tube enhanceament is also
included. However, in coupling CONDIP wi+th CONMIN numerous
problems had to be overcom? in ordsr to make CONDIP capable
of ccepletirng an analysis even whan “heracdyrnamic condi<icas
ir *he ccndenser became infeasibla. This hal <%0 bte acconm-
plished@ whila ensuring cortinuity 3ia all cotstraint and
objective furction evaluations. A s2:ias of =azst cassas wers
conducted tc avaluate and compare tha importarce of various

objective functions and design critaria.
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I. INIRODUCTION

A. BACKROUND

R el s

For aany years the steam plant was unchallerngad in its
rola as the primary type of marina propulsion systems. But
. recently gas turbinaes have become a desirable alzernative
& despite the fact that they ac-2 lass sfficient <+han compa-
rable steas plants. The primary alvantage of gas <¢urbires
is their 1ight weight and compact size. Thus, in crder for
the marine steanm plant to survive, it is imparative +hat

ighter, more compact anad efficisnt steam plaats be
developed.

While there are numersus advancad concep*s in all areas
of steam prcpulsion which can be explored, one simple way %o
streanline the steam plan* is the elimination of overdesign.
Most overdesign is due to unnecessary safety factors used to
offset 1lack of detailsd knowledge about the therwmal
processes in the plant. Identificatiorn of the ainipum safe
design could significantly reduce unrnecessary overdesign aad
result in the develogment of a smaller, more compac% power
plant.

: B. HETHODOLOGY

In the United States the most pravalent criterion for
{ the design and specification of surface condensers is based
on the "square-root of V" relationship, as developed by the
9 Heat Exhange Institute (HEI) (Ref. 1]. The HEI method vas
adopted by the Department of the Navy Bureau of Ships (now
Naval Sea System Coamand) for specification of U.S. PNaval |
condensers. ?

10




The HEI method is very simple in its apprcach, calcu-
lating tke overall heat transfer coefficient as a funczion
of cooling water vslocity through the tubes, inlet coclant
temprature, tube wall thickness ani material, and foulirg.
The limitations of this method ar2 apparent. Designs based
on HEI are insersitive to shell-sida conditions. Saturation

team pressure, temperature and enthalpy are assumed *o be

constant as steam passes through the bundle, whereas in
reality there is a continual pressure drop as steam flow
passes over the Iovws of tubes, with a2 corresponding decrease
in sa%uraticn temperature. There is alsc no poevisior for
any effacts of condensate film, external tube enharncement,
etc. on the shell-side of the bundla. In addition, the HEI
method does not account for the prasence and effect of non-
ccendensible gases that inevitably contaminate a condenser.

With the capabilities of high speed compu*er-s now avail-
abl 3, more comprehensive methods have been developed ¢to
account for the daficiencies of +h2 HEI method. 1In paztic-
ular, a radial flow computer code was develop=d to calculaie
+he local heat transfer and thermodynamic properties on a
rov by row basis. Known as ORCON1, this code wvas developed
by Oak Ridge Na*ional Laboratory (JRNL) wunder contract %o
the Office ¢f Saline Water during th2 period from 1968-1970
[(Ref. 2]. The program was based , in paret, on the work
perforaed by Bissenberg {(Ref. 3)}. Eissenberg's =xperimenzal
results led to correction factors on the basic Nusselt equa-
tion %o acccunt for condensate inundation effects or tubes
vithin a condensar bundle. Basically, ORCON1 divides the
condenser into sectors and performs a row by row analysis
wvithin each sector, determing local heat +ransfer coe€fi-
cients, heat flux, steam charactaristics, the affect of
condensate inundation and numerous other parameters at eachk
rov. ORCON1 is also capable of incorporating the effects of
both tube-side and steam-side enhancemsnt factors. Since

1M
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ORCON1 reprasented a auch morse comprehensive and dstailed

aralysis of -the condenser then <tha less exact HEI me*hod,
its results could be expacted to be more precise.

Some work has been done at the Naval Postgradua=e School
: to improve *he capabilities of ORCON!. In his levalopsment
& of OPCODE2, Johnson [Ref. 5] addsd subroutines <o ORCON1
3 ' vhich calculated tube-side ressure drops, corresponding

pumping power and condenser volume. Nunn and Marto [Ref. 14)
have incorporated the effects of vapor shear in ar amended
version of ORCON1 called MORCON. MORCON includes the corre-
lations developed by Fujii [Ref. 4] to determine tre effect
of vapor velocity on the thermal rssistance of the corden-

sate film on the condenser <tubes. 1In general, vapor shear
effects tend to enhance the condenser heat <transfer on the
steam-side of the tube while condensate inunda*tion tends to
inhibit it.

The ability to represent numerically the actual thermo-
dynamic processes occurring within the condenser has
improved dramatically. However, the capability to couple

these increasingly comprehensive and complex conderser
design programs with an optimizing procedure has not made
. comparable progress. Ooptimization is a powerful tool which
1 : can help in reducing overdasign and achieving the goal of a
| safe compact condenser design.

There are currently numerous computer optimization
programs available which can be couplad with general design
programs of all types to numerically improve and ultimately
determine the best design. The key is %o properly write the
,3; design program so that it 1is compatible with the optimizer.
jfﬁ Johnson (Ref. 5] developed a compuzer program called
‘Z; OPCODE1, based on tbhe HEI wmethod of condenser design, and
vas able to couple it vith one such numerical optimizer. The
reasults of OPCODE1 demonstratad how condenser designs can
indeed Dbe safely improved upon. It also revealad the

12
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versatility of condenser design optimization as a powerful
design tocol. However, Johnson was unsuccessful in coupling
OPCODE2 (his derivative of ORCON1) with an optimizer. Ttis
failure does not alter the fact <that that in order to fully
appreciate more sophisticatad condenser design analyses,
such as that used in ORCON1, it is imperative that coaputer
prograas be developed which will b2 compatible with current
numerical optimizers.

C. OBJECTIVE

There were two primary objectivas of this thesis. The
first objective was to develop a computer code uhich.inccr-
porates the basic ccndenser analysis of ORCON1 and the
subsequent iaprovements made in MORCON and OPCODEZ2, bu+
which will be capable of being coupled with a numerical
optimizer to yield a coaplete, detailed design package.
This design package can then be usad as a tool in obtaining
a auch sore reasonable conceptual dasign and for use in
comparison studies, ¢+ would provide the naval architect
the ability to optimize weight, volume, cost 2r any other
potential design objective of the marine plant. l

The second objective was to make this design package
capable of determining the single best design <rather than
siaply an improveament over the initial design. The key vas
to construct the program in such a way so the optiamizer does
not stop at some relative optimum, but continues ¢he anal-
ysis uptil no further improvesment -an be realized. It is
most desirable to be able to reach this single true optimium
design regardless of initial design variable values.

13




IXI. NUMERIGAL OQRTIMIZATION

4. BACKGROUND

Nearly all design problems require eithar the minimiza-

tion or maximization of a parameter. This parameter will be

, called the rroblem's cbjective function or Jesigrn objective
4 [Ref. 6]. Por a given design to ba feasible or acceptable,
; it aust satisfy a set of design constraints which are eitther
maxipun or minimum limiting values for a preo-deterained se:
of parameters or functions of paraaeters. For exaaple, in
any condenser design the outer diameter of a condeaser tube
can never be less than zero and thsre is normally some prac-
tical wupper limit which also cannot be exceeded. These
limits. are design constraints on tha tube outer diameter. In
the design problem there is also a sat of design variables
P . wvhich are parameters whose values can be changed within

]

specified 1imits in order to minimize or maximiza the design
‘ objective. Por example, in minimizing the condenser volume
: ? an engineer may wvant to vary tube inner diametar, +tube wall
thickness and tudbe length. These three paramaters would thus
be examples of typical design variables.

S For such complex design probleas as the trsatment of the
i f condenser design in ORCON1, it is necessary to choose an
optimization scheme which can handla tke problem and provide
a rational, rapid approach to design automation and opti-
mization. An optimization program based on direct methods
for soluticn of constrained problaas [(Ref. 11] wvas chosen
for this research wvork.
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B. CONSTRAINED FUNCTION MININIZATION (CONMIW)

Vanderplaats (Ref. 7] developed an optimization prograa,
CONMIN, capable of optimizing a very vide class of engi-
neer ing problems. CONMIN is a fortran program, in subprograms
form, that optismizes a multi-variable function subject %0 a
set of inequality constraints.

It is practical at this point to diatroduce three basic
definitions and +their respective conditions (Ref. 8].

£ Brasidatiaiid %5.1tt3§°§8 Biange i3 order i 22t%:§§:€§§

esign variables ap ar on y on the righ de of

2 uat?on, are contipuod have continucus first
de: vatives.

ggié igligﬁﬁiizic: %"Y g:giggtzgoggiggcggi;bngt exceed
but zhgirazst be ngctgons 3*‘ ign vari-

ex
ges. Dcsign cons nts appear only on the lcft side of
eqnations.

gsiigg s g The giranotot vhiih is goin to
aize dn ng the aizaz rocess.

object nct ou 1so be eithot i ear or

non nca or oxp tc t an t be function
csign a: ab %: ob ject ve function nsuaIly 1

agpoa S on lefr s of an a;uation The only excep-
if the ob ject v. functicoa is also a design var

lssuninq that the optimization process requires tha
sinimization of a particular objective function the general
optimzation problesm can be stated as:

rind the vector of design variables, {.
iniaize the ob;gc:ivo function, P(X).,

Snb ect to the con ats:
Gj‘l’ € 0.0 = 1,8CON (egn 2.1)
V1B; € 5 S VOB i= {00V (eqn 2.2)

In the general probles, Gj(x) are the constraint
functions; there are ¥NCON constraints and WDV design

1S
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variables; VLBiand VUB;are the lover bounds and upper bcunds
of the i-th design variable. If the equality conditicn is
met, (G;(X)=0.), the constraint is active. If the inequalit

is net, (cj(x)<o.), the constraint is inactive. Pinally, if
the inequality of eguation 2.1 is violated, (Gj(g)>0.), that
constraint is said to be violated. Because of numerical
inaccuracies representing exact zero 22 the coaputer, the
equality condition is represented by a bard around the value
Gj(;)s(o.zCT) vhere CT is the constraint thickness,

Any design wvhich satisfies the inequalities 5f equatioas
2.1 and 2.2, thus having no violated constraints, is said to
te feasible. If the design violates any of these constraints
it is said to be an infeasible design. The design which best
minimizes <the objective function whila still reamsaining
feasible is said to be optinmal.

; CONMIN requires an initial set of values for “he design
variablas X to obtain an initial design which is either
feasible or infeasible. If the initial design is feas:ible,
CONMIN moves in a direction which will =minimize the objec-~
tive function. If the initial design is infeasible, CONNMIN
moves toward a feasible solution with ainimal increase in
the object function.

The optiaization process proceaeds in an iterative
fashion. Johnson ([Ref. 5) presents in greater detail the
procedures utilized in CONMIN to search for the aminimua
objective value. 1In general, the methods used by CONMIN to
deteramine search direction include the nethod of steepest
descent, the method of conjugate direction, and the msethod
of feasible directions. For further background conceraning
CONNMIN and the numerical techniques utilized 4in optimiza-
tion, consult Vanderplaats (Ref. 7], Pletcher and Reeves
(Ref. 9], Zoutendijk (Ref. 10), aand Vanderplaats and Hoses
(Ref. 12]). However, it is necessary to stress a fevw
pertinent poiats which will aid in understanding how the
prograa was developed in this thesis.

16
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The optinization process bagins by calculating the
gradient of the objective function using a finite difference
technique. A pezturbation is appliad +to each of the design
variables irn a single forward step and the gradient vector
is determined.

240
2w

The search direction is then calculated and is a function of
this gradient and any active or violated constraints
resulting froa the applied perturbation. Subsegjuent search
directions are a function of previous search directioas, as
vell as current gradient information and any appropriate
constraint factors. Obviously, the size of the perturbation
and the size of the bandvidth about an active constraint
vill have a great deal of effect on the search directior and
ultimat2 optimization process. This detail will be recalled
later-on during the code development.

Thore are some limitations to CONMIN. The number of
design variables (NDV) directly affects the computaticnal
time required to reach an optimum. Since “he calculation of
the gradient informatiocn required for each design variable
at the beginning of each design itsration is found by using
a2 single forward finite Jdifference step, requiring =
complete pass through <the analysis portior of the progras,
there is an increase in CPU time as NDV inceases. Also, as
HDV increases, there is the corresponding rise in machine
related nuaerical innacuracy. Vanderplaats [Ref. 6] recoa-~
sends no more than iventy as a practical 1limit for the
nunber of design variables.

It is gquite possible that vhile design improvement may
be obtained, the single best design optimua or true optimus

or (x) =

17




may not Lte reached. This is not an uncoamon occurrence and
there are sevaral possible explanations. Por exaaple, the
design protlea may nct be forsulated properly or the anal-
ysis may be extremely complex and anon-linear. Hovever, 1a
more ccmmon reason is that there are "relative optimums"
betveen the initial design and the single true optimua. This
concept ¢f <relative vs ¢true optimum design can be better
explained <through an analogy. The search for <he bast
optimum design can be likened to a blind man climbing to the
top of a mcuntain. The blind man knows he is proceeding up
the mountain by sensing the direction of ascent. Howvever,
the paths he takes say be 1limitad by barriers or fences
which will restrict the directions he can go. These fences
represent constraints in the optimizaiion probleam. During
the journey he may also encounter saall crests and valleys.
If the available paths lead the blind aan up to one of these
crests pricr to reaching <¢the mountain top, he will be
confronted with a situation vhere he will sersa no further
rate of ascent and he will stop his journey. S5 although he
has made progress from his initial starting point, the man
did not achieve bis ultimate goal of climbing ths mountain.
During optimization, the search for a true optimus may
proceed along a path cn wvhich the objective function assunmes
such relative optimuns values. If the optiaizer can not be
made to "look beyond"® these <relative peaks, then the opti-
pization vill cease - at a design vhich may be an iaprove-
sent over the initial one but short of the true optimunm.
This protlea asay be overcome by starting the design with
several different initial design vectors, X, until the same
optimal design is repeated. Anothar alternative aay be to
increase the size of the finite difference so that the opti-
mizer uses larger perturbations of { thus looking beyond any
snall increases in the objective function which could stand
in the way of further design progress. This second

18
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alternative wvill be specifically addressed during the
discussion of the code developament.

C. COBTROL PROGRAN POR ENGINEERING SYNTHESIS (COPES)

The optimizer, CONMIN, wvas written in subroutine form.
Vanderplaats ([Ref. 13] has developed a main program to
simplify the use of CONMIN and aid in the design optimiza-
tion rprocess.

The user sust supply an analysis subroutine called
ANALIZ, which consists of thr3e segaents: input, analysis
and output. COPES acts as an interface between ANALIZ and
the optimizer CONHIN. Based on a flag from COPES
(ICALC=1,2,3) AMALIZ performs the proper function. Pigure
2.1 offers a simplified illustration of the interrelation-
ship Le¢tveen COPES, ANALIZ and CONNIN.

COPES < CONNIN

ANALIZ '“l

?igure 2.1 7low Diagras Por ABALIT and COPES/COBEIN.

COPES currently provides four specific capabilities, two
of which will be applied in this work:
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l‘i 1. Single analysis - just as if COPES/CONMIN were no:
} used.

2. Optimization - sinimization or aaxiaization of a amulti-
variable function with corresponding coanstraints.

COPES requires certain initial data from the user in order
to coordinate the optimization process. 1Initial values for
the design variables as wvell optimizer con:irol parameters
are utilized by CONMIN to conduct its aumerical analysis.
There are a faw optimizer parameters vhick are particularly
important to the treatment of condenser designs. Ore is the
firite difierence step used in gradient calculations.
Another is the normalization factor usad ir COPES evaluation
of a constraint functior. COPES utilizes the following
expressions in deteraminiag corstraint function violatiors:

- CPV
H —Ble et <.

—SPipir - <.

vhere SCAL1 and SCALZ2 are the normalization factars, BU and
BL are the upper and lower 1limits of the comstraint, and CPV
o is *he ccnstraint function value. It is intuitive that the
' norsalization factor can play an important role in deter-
sining the size of the active region about a given design
| b constraint. Both finite differencs and constraint rorsali-
1 zation will be Tecalled later during the code developament.
The pover of COPES is that it has siaplified the proce-
dures involved in wusing a sophisticated progras such as
CONNIN. The user is therefcore fread from the unvanted role
of systeas analyst and can concentrate on the design
analysis.
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III. CONDENSER DESIGN INPBOVENENT PROGRAN (CONDIP)

A. BACKGROUND

In the late 1960°'s, sangineers at the Oak Ridge National
Laboratory developed a sophisticated coaputer code under
contract to the Office of Saline Water. This code, called
ORCON1, [Ref. 2] wvas generated to aid in the analysis and
parametric study of large, generally circular condansers.
Much of ORCON1 was dependent oan Eissenberg's research work
(Ref. 3] on the effects of condeasate rain on the shell-side
convective heat transfer coefficient. Johason [Ref. 5] took
ORCON1 and made a few ninor modifications to determine tube
side pressure losses and volumetric calculations. Nunn and
Marto (Ref. 18] further diacorporated the correlatiocns
proposed by Pujii (BRef. 8] +to determine the effects of
shearing forces exerted by high vapor velocities on the
condensate film and resulting shell-side heat <transfer
coefficient.

It vwas at this point that <%he 1avelopment of CONDIP wvas
bagun. CONDIP wvas dependent primarily on the principles
detailed in ORCON?1 but also incorporated subsequent develop-
ments to the basic prcgram. CONDIP was written , however, in
such a vay as to be ccapatible with th3 optimizer, CONMIN.

CONDIP analyzes a single or double pass, circular or
semicircular condenser, vith stean flowing radially inwvard
on the shellrside of the tubes and variable salinity wvater
floving on the <tube-side. An optional, rectangular air
cooler bundle is provided-for as well as shell-side baffles.
The circular bundle is normally divided into 30-degree
sectors vwith sysmetry about <the central axis <¢o reduce
comsputational effort. Unless othervise specified, tubes are

21




placed on a 60-degree aequilateral, <riangular pattern of
concentric -ows with the rows add23 from an inaer void ocu:
to the outermos* row. The void servas as a collecticr header
for ncn-condensible gases prior to passage thcougn an air
cooler, if specified. As in ORCON1, CONDIP proceeds sector
by sector, rovw by rcv through ths condenser util’zring an
average tube to represent the row segment, and calculiates
tha following quantities in each sector:

a) Steam pressure lcsses at the entrance of a2 sector.

b) Total pressure of thes steam/non-~cordensible gas mixture
en<ering a row segment.

c) Saturation pressure of steam entering a row segment.

4) Saturaction temperature of the steam entering a rov seg-
ment.

9) Steam €£lov entering the rovw sagment.

f) Veloci~-y of the steam/non-condensible gas aixture at
the ainimum cross-section in the rov segment.

q) The fraction of npon-condensible gas in +he mixture by
waight.

h) Th2 overall heat transfar coefficient for the average
tube in the rovw segment.

i) The steaa-side condonsing coefficient.

4) The tube-side heat transfar coefficient.

k) The shell-side film hea*t <%ransfer coefficiant coamposed
of the non-condenible gas film and the condensate fila.

1) The shell-side friction factor.

8) The shellrside pressure loss as steam passes over the
Iov segment.

n) The shell-side BReynolds ajumber based cn the mass flow
at the minimum cross-sectional area in the rov segment.

0) The hsat <transfer rate per sguare foot 2f condenser
tube.

P) The sass flov rate of staam/non-condensable gas aixture
at the ainmun cross-section in the rowv segment.
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q) The mass flov of condensate produced as steam passes
cver the rov segment.

r) Tha cooling water teaperature at the outlet end of the
ccndenser.

s) The coolant pressure loss on the tuba-side.

+) The average Reynolds number of the coolant through the
tube.

u) The heat transfer coefficient for the non-condensible
gas f£ila.

v) The internal heat film heat <ransfer cocefficiernt.

¥) The number of tubes par row sagment.

x) The cross-secticn area available for steam flow per zovw
segment.

y) The cumulative shell-side pressure drop.

Z) The LMTD based cn inlet and outlet coolant temperatures
and saturation temperature at sach rov segment.

In addition to the above paramatars, the area-weighted
overall heat transfer coefficients for the condenser, coocler
and ccmbined condenser are used to calculate the "back
calculated” 1og mean teaperature difforence (LMTD). Steam
exit-fraction, condenser volume, coolant pumping power and
numercus other factcrs are calculated from the cumulative
ra3sults of <he rov and sector analysis.

There are tvo significant contributions to the external
fila heat transfer coefficient which have a profound impact
on the overall analysis. As mentioned earlier, Eissenberg
(Ref. 3] corrscted for condensate inundation effects on the
external heat transfer coefficient with a series of emper-
ical relations. He <created a flooling factor P using the
following relation:
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where F 4 is a constant indicating the effect of tube spacing
and orienta+ion on ccndensate side drainage. With clcsely
packed tubes, significant side draiasage can occur in low
valocity steaa flow. Condensate Jenerated on tubes above
may, due to surface tension effects, proceed laterally to
adjacent tubes rather than down. Thus Py tends to approach
1.0 for closely packed, staggered tube bundles and zerc for
isperse bundle layouts. S is a constant <rcanging irn value
from:

(.07 < s £.25)

If <the corndensate rain is acting under +he influence of
gravity alone S approaches 0.25. But the influence of any
steam velocity present begins to alter the rate ard dicec-
tion of condensa“e flow and correspondingly decrease S. Thus
S is a function of vapor velocity and directon, as well as
bundle geometry.

The condensate fila coefficient for the average tube in
the n-th vertical rcw is then calculated from the uncor-
rected heat transfer coefficient, h_, as followus:

0
hn’ [nRn - (n-1)%r‘] ho (eqn 3.2)

It is obvious that the determination of a corrected heat
transfer coefficient is highly dependent on the choice of S
an Pd in equation 3.1. S and Py ars extremely subjective
constants and there does not exist a current analytical
expression to detersine then. Yat the choice of <these
constan+s can have profound impact on the condenser desiga.
In CONDIP, as in ORCCNY [Ref. 2], the following, relatively
ccnservative values fcor S and rd vere used:

S = 0.2

Pd = 0.5




An additional important contributior to the exzernal
film coefficient is the effect of velocity shear fcrces on
the condensate fila. Pujii [Ref. 4] developed the fcllowing
experimental correlations to correct the Nusselt number for
the effect of velocity shear:

(4a-1) __(.5-2a)
[Num/NuO] = cluu° ReL {eqn 3.3)

where Nup is the m2an Nusselt nuamber, Rel‘is the two-phase
Reynolds number (based on vapor velsci<y, tube outside dram-
eter and kinematic viscosity of th2 condensate) and Nu is
the standard Nusselt number for the zero shear case., The

empirical constants cland a lie within th2 following ranges:

1.13 < c1< 1.24
0.196 < a < 0.2
depending on how tube thermal conditions are described. 1In

CONDIP the values for cland a vere:

c1= 1. 24
a = 0.2

It should be noted that equation 3.3 is only valid in the
range:

3.3 < (Re_ /Nu ) < .28.
L o

Por ssaller values of this parameter Pujii recommends the
use of a slightly reduced value of the standard Nussalt
nuaber:

uum = 0.96 Nuo (eqn 3.4)

It 1is apparent that <the vapor velocities coammonly
encountered in naval condensers can have an impac:t on the
heat transfer coeffcient.
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B. CODE DEVELOPMENT

Johnson [Ref. 5] attempted *o couple OPCODE2 (his
version of ORCON1) with the cptimizer CONMIN, but with
little success. There were several reasons for this.

ORCON1 uses iterative techniques to solve f5- such quan-~
tities as conlensate rate, steam aass flov rate and steaa
pressure through the sector. If unrealis*ic values are
encountered, such as regative pressures or steam flow, or if
the final steam exit-fraction exceais a predeterained value,
ORCON? stops the analysis, returns to the beginning of the
program and changes certain initial input parameters. The
analysis begins again and the process is repeated urntil a
satisfactory design is achieved. Thus ORCON1 has a limited
capability to make design decisions to obtain a feasible
design.

CONMIN, as do most optiaizers, requires comple%*e control
in determiniang all iterative design variable values. As
explained earlier, it uses perturbation techniques to calcu-
lat2 gradient information for each design variable and
active design constraint, which it then uses *¢o deteraine
search directiors. A perturbation of the design varisble by
CONMIN requires a complete, once-through analysis. ¥f ORCON?
is coupled with CONMIN then any adjustment by ORCONY will
vield <false gradient information to the optimizer and
hinder, 4if not completely prevent, CONMIN from arriving at
the optimum design. During program development it becane
apparent that <the twec programs ware working independently
against each sther and that in i:s pressent state ORCON? was
incoapatible with CONMIN.

In the formulation of CONDIP, it was necessary to locate
and neutralize all the places vhere such design decisions
are made. By removing the ability for CONDIP to make any
design decisions it became totally passive and dependent on
CONMIN for design variable changes.
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Hovwever, once this was accoamplished, another problenm

‘area was discovered. In the OBCON' cods and subsequently in

CONDIP there are nuperous thermal process and properties
calculations that use logarithmic functions arnd other mathe-
satical relationships which could produce singularities if
the variables in the argquments approach zsro or are
negative. Por example, saturatison steam temperature is
calculated from steams prassure using a logarithmic relationmn-
ship. 1If, during a design analysis, saturation pressure
approaches a negative value, this raprasents a clear viola-
tion of physical realities ard of the limits of that prop-
erty. Yet a computer caannot make that distinction so it
tries to calculate the corresponding saturation temperature
which, Ltecause of the logarithaic relationship, would bhe
undefined. As just explained, ORCON1 with its built-in deci-
sion capability simply starts over wvhen this situation is
encountered. But CCNDIP, being coapletely dependent on
CONMIN for design decisions, does not have that capability.
Remembering that CONMIN requires a complete once-through
analysis in order to collect enough information to make a
design decision, it was necessary to somehow Dbypass such
mathesmatical instabilities in ordar to keep the program
operating. Yst the analysis still had to yield reasonable
results from the given design in order to obtain meaningful
gradients. This prompted the <formulation of mathematical
relationships ¢to create "penalty" constraints which, if
properly written, would indicate to <the optimizer that a
function or ¢thersal property has violated its physical
linits. However, not only would penalty constraints have to
ke defined, but a "f£ix up® or "correction" of the violated
property or variable would be required in order to allowv the
analysis to continue. A good physical understanding of the
inter-relationship betveen condenser parameters and the
thersal prccesses resulting froa the condenser design is
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necessary so that the "fix wup" of the violatad prcperty
would still yield fairly accurate condenser information on
which CONMIN could base its search for the optimized design.

Por example, a condenser is usually designed around a
given steam load. If the condenser has too many *tubes, is
too long, or coolant flov is too great, thenrn the condenser
will be overdesigned. There will be dry tubes within the
condenser as all the steam is conlensed before steam flow
reaches the inner void. In CONDIP this means that zero or
negative steam flow will be erncountared in the analysis.

If, on the other hand, tube surface area is too small,
coolant flow is inadequate or the condenser tube spacing is
too tight and is choking the steaa flow, then one o0f twvwo
things will happen. Either a quantity of urcondensed steanm
vill make it completely through the condenser, or steanm
pressure loss in the condenser will cause steam pressure to
drop below zero. In addition, there are two reasons why all
the steam might not condense. I+ could be simply due to
insufficient heat transfar surfaca area or it «could be
because the saturation temperature >f <+the steam has dropped
below the coolant inlet temperature. If the latter situation
occurs, then there is no driving force for heat to transfer

from the steam to the coclant. Thare is only one way that
this situation can occur: if steam saturation pressure drops
telow some value indirectly determined by the coolant inlet
temperature., In any event this condenser is certainly
underdesigned and nct capable of supporting the required
steaa load.

As stated earlier, the purpose of optimization is to
obtain 4he best, feasible design. Thus, an understanding of
the relationship between the physical characteristics of a
given design and the subsequent thermal performances will
certainly help in defining the appropriate penalty
constraints and their corresponding liai:cs. It will also
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aid ir the determination of appropriate "corrections" when
those liaits are violated. It is important to note “hat with
the introduction >f these penalty constraints, the defini-
tion of a feasible design is revised. A feasible Jdesign is
nov defined as one in which thermal properties and functicans
are not alloved to viclate their physical limits, as vell as
other design constraints, anyvheras in the conderser.

Ir CONDIP there are three basic thermal properties which
could create the above mentioned problams if <hey fall below
a certain value. They are steam saturatior pressure, stean ;
flov and steam temperature. Becausa of the direct relation-
ship between steam saturatior pressure and temperature, it
was possible to deal with them sinultaneously. The solu-
tions that were developed to overcome the effects of *hese
thermal violations determined the axtent which CONDIP would
3 optiniza.

1. Steam Elow Eflects

One so>urce of mathematical instabilities within <he

3 ; program is 3if steam flow over the <+tubes falls to zero or
‘S below. It is dintuitively obvious that steam flow can not
physically fall below 2ero and that ir order to keep the
b program running the steam flov rate aust be kept greater
o than zero. However, correcting for <this alone would
I 2 certainly alter the results of that particular condenser
design, perhaps even imply a feasible design.
£ To indicate to the optimizer an infeasible design
f% vas actually encountered - one in which steam flow had
‘ dropped below zero - the penalty function WTST wvas created.
Since the condenser analysis is performed sector by sector
and assuming there are J sectors in the condenser, then
there had to be arrangesments for J penalty constraints. This
) proapted the creation of the array, WTST(J), representing
‘ constraint penalty functions for each sector. The absolute
s

*
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magnitude of these <functions wvere i1irsectly related ¢to both
the severity >f the steam flowv violation and the number of
dry tubes remaining in the sector. WTST(J) <ranged in value
froa negative infinity to zero, vhere a value of zero repre-
sented a condenser design in which 2120 flow violatioms
occurred. Thas, WTST(J) vere constrained functions whose
lover limit wvas zero. Por exasple, during an analysis, if
stean flov vas deterumined to fall bslow zero, then WTST for
that sector would be given sonme negative value. In subse-
quent designs, as the number of dry <+ubes approached zero
and better designs vere obtainad, then the magnizude of the
penalty function approached 2ero iniicating no constraint
violation.

Since penalty constraints are entirely contrived
relationships with no real physical basis, it is desirable
t0 sininize their nusber to avoid the possibility of sending
innacurate signals to the optiaizer.

To eliminate the need to use the WTST penalty func-
tions as constraints, the values »>f WTST(J) vere consoli-
dated a* the end of the sector analysis into the condenser
steam exit-fraction counstraint. Normally, steam exit-
fraction rarnges from zero to one and is siaply aqual to:

SRHENGSNG

By inrcorporating the WTST violations into steas exit-
fraction, the exit-fraction vas made a continudus function
ranging in value from negative infinity <o one. The
negative steam exit~-fraction reprassnted a partially dAry
condenser and its magnitude wvas in direct proportion to the
nuaber of A4ry tubes. Thus instead 5f having to evaluate and
calculate gradients for J number of WTST(J) contraints, the
optimizer simply bhad to evaluate 21 previously defined and
nov expanded exit-fraction constraiant.
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It should be stressed that making steam exit-
fraction continuous through zero wvas equally as iapor+ant as
eliminating the need for additional constraints. It car be
reasonably assumed that for all practical condenser applica-
tions, exit steam fraction will alwvays be imsited to some
positive nusber near zero. fere is vhere one applies the
physical knovledge of the condenser and its relation to ths
thermal property of steam flow. As explained earlier, adry
tubes represent an over-designed condsanser. Thus <the na*ural
tendency is for the optimizer ¢to al<er those design vari-
ables sO0 as t0 create a more compact condeassr. As this
occurs, stean eoxit-fraction will naturally increase. The
upper active limit of that constraint will determine the
optiaus feasible design. While it is not necessary to have a
lover limit for steam exit-fraction, it is very iamportant
for it to be a2 continuous smooth function especially in the
region near 'the upper limit. It is therefore critical *o
properly define the fpenalty functions WTST(J) in a way so as
to provide a smooth transition from the negative, artificial
values of negative steam exit-fraction to the real, positive
values.

Since the steam flow penalty functions will not be
used as constraints, the analytizal results will provide
gradient information to the optimizer. However, once stean
flov has been determined to fall belowv zero, steam flow for
that first dry row of tubes and all subsequent rows aust be
fizxed up vith duamy values to allov the prcgraam analysis to
continue. How that "fix-up” is accomplished will ultimately
deteraine the search direction for ths optimizer.

Physically, once steam flov has gone *o zZero, there
should be no further latent heat transfer, no subsequent
condensate production, and further pressure losses should be
only due to the flow cf non-condensible gases. It is neces-
sary to make the ccmputer generated analysis reflect as
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closely as possible these physical realities. Sirce <zha
optimizer no longer has the penalty functions to use in
calculating a search direction, other constraint values
obtained from the analysis will 3ictate the next search
direction. Gradients will also be calculated using +hese
results and the determination of the next search direction
will incorporate these gradients as vell. In ¢the case of
negative stean flov, steam flowv and condensate production
over dry rovws vere given nominal values vhich vere as small
as the cosputer analysis would tolerate. These extreaely
small values closely approximate zero steam flcw and
generate results which resemble physical reality as closely
as possible.

The folloving example is providad to better illus-
trate <+he logic used in CONDIP t2> handle negative steanm
flov. CONDIP determines flow raté through each rov in each
sector. During a sector analysis, CONDIP calculates tha
condensate generated at a given rov and subtracts that value
from the steasm flov entering that rov to calculate the stean
leaving. The exiting steam flowvw rate is “hen checked to
detarmine vhether steam flow has gone ¢to zero. If it has
not, ¢then the analysis continues. If it has, thern the
following tvo eveants cccur.

The penalty function, WTSTF(J), is calculated for
that sector and dumamy values are insertad for steam flow and
condensate rate at the rowv vhere ths violatioz occurred.
Por the remainder of the analysis condensate generation and
subsequent steam flowv calculations are bypassed and the
renaining rovs in the sector are fixad up with dummy values
for steaa flov and condensate. The analysis continues
utilizing these duamy values in all appropriate hLeat
transfer and pressure calculations. At the conclusion of
the sector analysis, the values of the penalty functions,
WTST(J), of each sector are incorporated into the steax
exit-fraction.
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If the analysis revealed zero dry tubes ther WTST (J)
for all sectirs would be zero and the steam exit-frac=ion
would sisply be calculated as:

RGNS NIN

If, bhovever, dry tubes vere encountered in ¢the condenser
analysis then HTSY (J) of some Or all the sectors would be
negative apd dependent in wmagnituie on <tha number of dry
tubes in esach of the J sectors, as well as the saverity of
the steam flow violation. Steam flow leaving any sector
which has gone dry would be =zero and steam exit-fraction
would be evaluated as:

L i e o

plus 2 weighted value of all the WTST(J) penalty functionm
values. Using the relationships Just described, it is
apparent that steam exit-fraction: 4is negative i€ condenser
tubss are 4dary: approaches zero as the design becoses
feasikle; and is greater than zeroc if there is steam leaving
the condenser.

2. Steam Pressure and Jemperaturg Effacts

The other possible source of mathematical insta-
bility occurs vhen steanm pressure falls below some preset
limit. If pressure falls to zero, numerous sathematical
singularities will be generated. TYet, before this situation
can occur steam temperature wvwill have already fallen below
inlet coolant temperature causing singularities in the log
mean temperature difference (LMTD) heat transfer calcula-
tion. Thus, the lover pressure limit which carnnot be physi-
cally exceeded is 1ot zero but the ainimum saturation
pressure es-ablished by the inlet zoolant temperature. 1In
CONDIP, this lover limit is given the variable name, PTLIN.
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As steam flows through the cordenser, pressur?
continually decreases due to fric<ion losses and tharefore,
it is evaluated at each rov in each sector. §hen the stean
saturation pressure drops belowv PTLIM, indicating a physical
violation of realistic 1liaits, then the creation of a
penalty function and a correspondiny "fix up" o>f saturation
pressure is cequired to allow the prograa to continue. The
treatment of the problem vas therefore analogous to the
previous situation dealing with negative steam flcw.

PTST(J) wvas the penalty function devised %o indicate
to the cptimizer that <¢he [pressure liamit, PTLIN, vas
violated in any of the J sectdrs. Yalues of thesa
constraints ranged frcm negative infinity to zero, depending
on the degres and location in <the condenser of <the viola-
tion. Since pressure is calculated on a row by row basis in
each sector, the magnitudes of the pressure penalty func-
tions were directly dependent not only on how much the
calcula+ed pressure dropped below PTLIN, but also on the
number c¢f rcvs remaining in the sector. Thus, as the
‘ condenser approached a feasible desiga tha PTST(J) consraint
K values approached zero, indicating lesseniag violation of
the ainimua pressure.

As emphasized earlier, i*t 1is important to minimize
the nuaber of constraints, not only to avoid the possibility
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of sending confusing signals to <the optimizer but also to
reduce cost and iaprove program efficiency. This was accca-
plished here by inserting duamy values not only into the
| violated pressure variables but also associated therml
b properties such as condensate generation, heat transfer
coefficients and heat ¢transfer rates for the row wvhere the
violation occurred and all subsequant rows in the sector.
The dumay values vere chosen such that realistic gradient
inforsation wvould be sent to the optimizer. The proper
choice of "fix-up® values for these varaiables resulted in
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the elimination of penalty functions as design constraints,
and provided sufficient informatioan to determiane subsaquen*
search directions.

It is necessary to understand <+he influence <that
st@am pressure and teaperature exert on the overall
condenser analysis. With this knowladge it will be easier to
predict the physical designs which could cause violations o€
the pressure limit, PTLIN is violatad due %o excessive stean
flow pressure losses. As explainad 2arlier, these large
pressure 1losses would result from large steam velocities
that are found in condensers which ar2 %00 tightly designed.
Thus, the particular condenser design is incapable of
handling the required steam 1load, implying an infaeasible
design. Understanding this relationship will aid in
choosing the appropriate "fix-up" values which will indicate
to the optimizer that vhen the pressure limit is violated ar
infeasitle condenser has been designed.

. Physically, When steam temperature falls below
coolant inlet temperature (PTLIM is violated) there is no
hea* transfer from the steam to the c¢oolant and no addi-
tional steanm is condensed. These physical rsalities must be
reflected in the condenser analysis. Therefore, in subse-

o quent rows, condensation and heat transfer rates wvere set

3 equal to zero. Since there is no further condensation, the

, steam exit-fraction is equal to the steaa flovw at *he point+

X of viclation divided by the total flow into the condenser.

| 7 - Thus PTLIN indirectly determines the exit steaa fraction of
the infeasible Jdesign. This relationship between exit-
fraction and the PTLIM violation is wvhat nakes the peralty
. constraints obsolete. If PTLIN is violated early in the
N stean's passage through the condenser, steasm exit-frac¢ions
' will be large, violating its upper constraint limit and thus
reflecting an underdesigned coandenser. As the condenser

design diaproves, then exit-fractions will decrease.
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Physically, this can cnly be accomplished if the corndenser
design Mopens up", reducing pressure losses in ¢the
condenser. Consequently, as conisnser deéiqns becom2
larger, steam exit-fractions decreas2? and the condenser is
driven tcwards a feasible design.

The £o5llowing example illustrates the lcgic eaployed
by CONDIP to handle steam pressur2 and teamperature viola-
tions within the analysis. Condenser inle*t £flow is divided
by the number of sectcrs in the condenser. <Condenser inlet
saturation pressure is determined by the steam inlet temper-
ature. Entrancse pressure losses are calculated and
subtracted from the inlet pressure. The resulting pressure
is checked against PTLIM and a violation at this poin*t indi-
cates a totally infeasible condenser in which no steam is
condensed. Steam exit-fraction will thus be equzl %o one. If
the saturation prassure is grsater than PTLIM the analysis
continues row by row through the sector. Pressure losses
over each row are calculated and subtracted from the row
inlet pressure to determine pressure into the next row of
tubes. If this next-rcw steam pressur2 is determined to fall
below PTLINM, then a thermal violatisn has occurred requiring
nfix upg". Subsequent rovs are mads to indicate zero conden-
sate generation and zero heat transfer. S*eam flow over the
remaining rovs is maintained at a constant value, which will
subsequently be used to determine steam exit-fraction.
Pressure variables over the resaining rows are given small
positive values just 1large enough to allow +he analysis to
continue. Althcugh all heat transfar and condensate calcula-
tions will be bypassed, the analysis aust be allowed to
continue s¢ that pressure losses vill continue to be calcu-
lated based on the steam flow at the point of violation.
This is 4isportant since steam flov adjustments to the
sectors are based on certain pressure comparisons between
the sectors. The cunmulative sum 2f all rov pressure losses
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in esach of the sectors must be equal to within some tcler-
ance. If they are not then steam flow into each of the
sectors is altered so that the exit pressures from <ach
sectCr convérge to sScpe coamon value. Thus, an accurate
reflection of true pressure losses is important to this
calculation.

The value of the steam exit-fraction is again deter-
mined to be the single constraint necessary to drive subse-
quent condenser dasigns to a fsasible optimum coanfigura+ion.
The pressure penalty constraints proved to be superflous
information, but <the correspondingy variable "fix-up" was
critical in the determination of search direction.

C. LIAITATIONS

During the develcpment of CONDIP, it became apparent
that steam exit-fraction would become the key constraint
during optimization of any objective function. A fesasible
design implies that steam exit-~fraction is a small positive
nusber perhaps somewhere betwesn zero and 0.1 percent. As
explained earlier, violaticns of either steam flow or pres-
sura physical limits resulted in penalty €functions and vari-
able "fix~up® vhich were later direcily or indirectly
incorporated in the calculation of steam exi+ fraction. Thus
ary feasible design, 1let alona the optimum one, centers on
the limits placed npon *his design constraint. Aay nuaber of
design variable combinations will yield a feasible design,
and each design variable affects steam exit-fraction differ-
ently. The intertwined, complex calculations used to ulti-
mately determining exit-fraction ars done by sector and row
vith each design variable repeatedly playing a factor. For
exanmple, the profcund effect of both vapor shear and
condensate inundation on the shell-side heat transfer
coefficient and consequently stsan exit-fraction, is
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indirectly determined by numerous dasign variables. However,
their effects are iapossible +to predict. The cascading
effect of the thousands of calculations performed during “he
course of a design analysis is to ul:timately create a
single, highly non-linear variable in the form of the stean
exit-fraction, upon which design decisions will be made.

As more design variabies vare invoived in the analysis,
the cptimizer had difficulty deteramining their often
conflicting effects cn both the objective function and the
steam exit-fractiosn. A small perturbation of 2ach of *he
design variables independently would yield gradients indi-
cating design improvement. But when these gradients ware
evaluated simultaneously to actually determine the direction
of the subsequent design, <their combined effect would ac+u-
ally indicate either 1no iaprovement of the objective func-
tion or a violation of <+he steam exit fraction design
constraint. The end result would be that the s2ptimization
process would stall as no feasible search directicn could be
obtained. Larger perturbatior’s to the design variables were
Tequired tc properly evaluate thei: relative effects on the
objective function and any active or viclated constraints.
This would enable the optimizer ¢t overcome either small
irconsistencies or discontinuities in the objective function
and the constraint functioas which would otherwise prevent
the optiamizer from reaching the optimum design. This was
accoaplished during data input by changing the normalized
finite difference step from 0.01 to about 0. 1. Increasing
the finite difference is not without its dravbacks. As the
optimum objective value is approached, the op%imizer over-
looks +he subtle effects of small changes in the design
variables because of the relativaly large per*+urbations.
Thus, depending on the initial design variables, the
optimizer will iamprove the design to some point near, but
necessacily at, the optimun.
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When a design becomes feasible, st2am exit-fraction will
alvays become an active constraint. But the stated goal is
not in achieving a feasible design but in driving the design
to a feasible optimunm. However, this iterative procasss can
not be accomplished at the expense >f violating a ccons«raint
and it wvas here that further complication was introduced.
The initial impetus in any optimization process is to first
obtain a feasible design. However, 2nc2 *the very small steam
exi+-fractions are obtained +hac are necessary for a
feasible design, the exit-fraction bacomes axtremely sensi-
tive to any further design vaciable changes. Thus any effcr:
to further improve the current design could sasily cause
exit fraction to increase. Evan slight increases would be
perceived as violaticns of the constraint 1limit¢ and thus
prevent furthar optimization from the first feasible design.
There are +wd possible solutions to this problem. Either
increase the upper limit on the exit-fraction constrairnt or
redafine the constraint. COPES formulates the general
constraint function in such a way as to allow the user %o
increase the active region about *h2 constraint limit. This
is accomplished here by increasing the normalization factor
in the following expression for tha exit-fraction constraint
function:

BO__~_ _EXITFR
——-SUIT_':-‘"—' < 0.

vhere BU is the upper constraint bound, EXITPFR is the exit-
fraction constraint value and SCAL' is the normalization
factor for this constraint. Incr2asing <¢the normalization
factor reduces the optimizer's sa2ansitivity to constraint
violations by enlarging the range of constraint values in
vhich the constraint is active. This enlarges the region of
feasibility 2and allows the optimizer more flexibil*y in
altering design variables by reducing the risk of violating
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the ccanstraint. The cverall effect is that the design opti-
mization can continue but at the expense of accurate
constraint limits. The normalization factor used effectively
for the exit-fraction in CONDIP analysis was approximately
0.1.

' One of the stated objectives was to create a robust
:f ' program which would consistently yield the single best
optimum design independent of the initial design and no* get
: hung up on a relative cptimum. As it was explained earclier,
3, although relative optimums represented design improvsment,
r thay also indicated the inability of the optimizer to locate
the single best or true optimum design. However, the objec-
tive was achieved for only three design variables. When more
than three design variables were used, the optiamum desigms
became lcosely dependent on the initial input, although not
in any predictable way. This is not to say that the
; condenser dssign did not optimize. By incorporating the
" finite difference and scaling normalization on exit-fraction
as described above, final designs 3id yizld objective func-
tion values which ware continually withia about ten percent
of the true optimum regardless of <+he initial design.

Howaver, <here was just no guarantze that the single, bhest
optimum design could be consistently obtained. In summary,
the reasons why CONDIP 4id not consistently optimize to the
single, *rue optimum were: <the extreme non-linearity of the
o steam exit-fraction, the need for a large finite difference
{ gradient, and the need for a normalization factor for the
' exit-fraction upper 1limit constraint.

| While the optimum design solutions obtained froam CONDIP
may be sufficient, there are sevaral wvays to improve the
results and increase the chances of obtaining the best
possitle design. The easiest way is to try several initial
input values until the user is satisfied that the best solu-
tion has been obtained. The problam with this approach is
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that it is both costly and time coasuming. A sacond recom-
mendation is %o couple an extremely simplified versicm of
the condenser analysis with the optimizer t> obtain a
educated guess as to what the optimum design should be. The
results of this analysis c¢ould thsn be used as inpux for
CONDIE. OPCODE1, which utilizes the HEI methods in its anal-
ysis, is a likely candidate. The aivantage of this approach
is that a quicker, cheaper analysis can be used to obtain a
rough idea of the anticipated optiaum d2sign. CONDIP can
then use these design resul+s to obtain even better ard more
accurate solutions, faster. Ther2 is still no5 guarantee,
however, that the true optimum will be solved. Perhaps with
the development of more robust and versatile cptimizers,
ones which uses numerical technigquss and methois that are
better suited to this type of problem thar <CONMIN, acre
precise solutions can be obtained. Howaver, thare is little
mor2 that can be done to simplify the analysis of the stean
exit-fraction and subsequently linearize the probles.
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IV. DESCRIRTIION OF IHE HAIN AND SURPORTING SUBROUTINES

A. NAJOB SUBROUTINES

The following section con*tains a brief description of
the wsajor subroutipes in CONDIP. The appropriate flow
diagrams are also provided to bettar illustrate and comple-
ment tha explanations. Por further information concerning
the various subroutines and functions see the CONDIP listing
in Appendix C and ORCON1 [Ref. 2].

1. ANALIZ

This subroutine basically arranges CONDIP in a stan-
dardized form vhich is compatible with COPES/CONMIN. COPES
uses a variable flag, ICALC, *o0 coordinate the >ptimization
process with ANALIZ. Utilizing this flag ANALIZ then calls
the dinput, analysis and output portions of CONDIP as
required. When COPES sets ICALC 3qual to one ANALIZ reads
in all initial input. This is the only tinme an} input can be
entered. Whern ICALC equals two, COPES works with CONMIN to
optimize the design. ANALIZ nmakes available the analysis
portion of the program to be used repeatedly by CONMIN.
When COPES sets ICALC equal to thres, the optimization is
complete and ANALIZ calls all applicabla output subroutines.
Pigure 4.1 illustrates the flow process for ANALIZ.

2. JNRUT

This subroutine enters all initial input of data by
vhich the initial design is detarained. The resultant
design may be either feasible or infeasible, subject to the
limitations previously discussed, s> it is not critical what
values are initially assigned to the design variables.
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Hovever, the initial input is screanad to pravent the in<ro-
ductior of totally unrealistic valuss of variables into the
program. Por example, initial <¢tube thickness, tube inner
diameter, tube number and tube 1length are all checked to
ensure that their values are greater than zero. If any of
the screened initial inputs do not satisfy +he ainimanm
requirements, then ¢the program exits prior %o en4ry into the
optimizer. The limits of “he design variales and constraints
will prevent similar situations from occurring during the
analysis. Figure 4.2 presents the flow diagram for +the INPUT
subroutine.

3. QU3

This subroutine simply prints all the iritial values
entered in the INPUT subroutine.

4. ORCON

This subroutine calculates the bundla geonmetry,
flooding factars and such coclant flow parameters as pres-
sure loss, flow rate, and pumping power. Thare are *wo
options available ¢to determire bundle geometry, each with
certain advantages and disadvantagas.

Qptioni: The number of rows is 2ntered as a constaa% and
the tube number is determined based on pitch, tube outer
diameter, and row spacing. The advantage of this methed to
determine bundle geometry is that it allows the user to
linearly vary pitch and/or tube ianer diameter by rowv. The
disadvantage is that tube number is a dependeant variable.
The ortiamzer is <therefore limited in deteramining the
optiaua design by the specified number of rows.

Qptiong: The nusber of <tubes can be used as a design
variable vhile the number of rows is determined by tube
number, rov spacing, pitch and tube outer diameter. Thersas
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is more flexibility in this methol of condenser desigrn bu+
it is not possible to linearly vary tube vitch and inner
diameter. The condenser bundle is generated from a speci-
fied inner void out, and all the appropriate ccrdernser
geometry is determined for one of the identical 30 degree
sectors. Overall bundle volume is then calculatad as is
the ratio of tube hole area to tube sheet area.

Once the basic condenser geometry has beer deter-
ained, “he code then proceeds through an algorithm to calcu-
late baffle location based on an input value specifying the
nuaber of baffles desired in the cond2nser bundle. After
this has been completed, £flooding factors are de*ermined.
That is, the nuaber of tubes in a vertical rowv above the
central tube in each row is calculatad. This is don2 for
each of the six sec*ors on one sije of a circular bundle.
Syametry is assumed for the other side. These flooding
factors are later used in calculations <o d2termine the
effect of condensate inundation on shell-side heat transfer
coefficients.

Finally, ORCCN calculates csolant mass flow, coclant
velocity, header pressure diffarenc: and pumping power based
on the type of coolant flow inpu*t received. The flow chart
in Pigure 4.3 is a simple illustration of the logic used in
ORCON. Prom ORCON, the subroutine SECALC is called.

5. SECAMLC

This subroutine determines all the parameters of

each of the sectors in the condenser by row. The firs:
calculation wmade in SECALC 1is the determination of the
cooler geometry, if there is one. Entrance pressure losses
into the condenser bundle are calculated for each sector and
saturation rressure is checked to ensure that i: is greater
that PTLIN. Prom this point, much of ¢the remaining
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subroutine is comprised of two do-loops with oné nested
inside the other. The outer loop cyclas through however many
sectors are in the condenser model. The inner loofp cycles
through the rows in the sectors. Pressure, teaperature,
mixture velocity, steam flow and condensate flov are calcu-
lated at each sector rov. The subroutina HETTRN is called
repeatedly to provide the necessary heat transfer informa-
tion. Pressure and steam flow is chacked cortinually at each
Tow to ensure that neither f£falls belov its predeternined
lover limits. In the event that either situation occurs, the
appropriate penalty function and fix-up procedure is imple-
mented to enable ¢the analysis to continue. As previously
discussed, these values are chosen to reflect as accurately
as possible real conditions which would occur when stean
flow cr pressure violate their physical limits.

Once all the sectors have been analyzed the cumula~-
tive steam-side pressure losses from each sector are
compared. Steam pressure at tha inner void must be unifora,
therefore the sector pressure losses are required to be
equal wvithin some allowable tolerance. If they are not, then
the distribution of inlet steam flow into each sector is
altered to force the fpressure loss3s to converge to a single
value. Once steam flow to the sectors has been adjusted,
the sector and row analysis in SECALC is repeated until the
pressure losses within each sector approach a comaon value.
After the pressure ccmparison has been satisfied, certain
overall condenser parameters are <calculated such as stean
exit-fraction, bundle heat load, and steam-side pressure
drops.

Pinally, 1if a cooler is raquired, the subroutine
COOLEX is called. Othervise tha condenser analysis is
conpletes. The flow diagram for SECALC is presented in Pigure
4.4.
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6. HETIEN

This subroutine is called repeatedly in SECALC to
solve for all shell and tube~side heat z:ransfer properties
for each rov in each sector of the soadenser. In particular,
values for the overall heat transfer coefficient and 1log
mean temperature dJdiffersnce are utilized by SECALC in
computing condensate production and heat transfer rate at
sach rov of *tubes.

On entering this subroutine, a series of estima*es
for certain row variables are calulated. Based on an assumed
initial value for the overall heat transfer coefficient, the
exit coolant temperature and corresponding film temperature
are calculated. Otilizing these tenmperatures, the LNTD,
thermal resistances, individual hesat transfer coefficiants
and numerous dther heat transfer parameters are than calcu-
lated. Pinally, another value for the overall hazat transfer
coefficient is determired based on the above-mentioned anal-
ysis, and this final value is subsequently compared to the
initial value. If they are not in.agreement, within a speci-
fied degree of tolerance, then the initial value for th2
overall heat transfer coefficient is updated and the entire
process 1is repeated until the initial and final values
converge. This iterative process is necessary as teapera-
ture dependent heat transfer coefficients, fila teaperature
dzops, and exit coolant temperatures are all being calcu-
lated simultaneocusly.

Note that it is in HETTRN that tha concepts of vapor
shear and condensate inundation are incorporated. Heat
transfer coefficients are correctei for both effects based
on the calculations presented earlisr. Alsc note that since
stean temperature is never allowsd to drop below inlet
ccolant tempesrature in the calling subroutine SECAIC,
resultant LHPD calculations in HETTRN will not yield
singularities.
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Once all the heat transfar variables have been
determined, control is returned to SECALC where the appro-

priate results are utilized and storsd. The appropriate
flow diagram for HETTRN presented in Figure 4.5.
7. COOLEX

This subroutipne solves for all th2 necessary parame-
ters required in the cooler analysis. The cooler is assumed
to be of rectangular cross-secton with the height of the
cooler not ¢to exceed the difference betveen the condenser
inner and outer radii. The values used for <¢ube pitch and
tube diameters in the cooler are the same as the innermost
Tow of the condenser bundle.

Steamn exits the condenser bundle, collects in the
inner void and enters the bottom rowv of the cooler. The
steam then proceeds vertically up through the cooler. The
physical location of the cooler is not a prerequisite 4o the
subsequent design, although it is expected that the ccoler
will be placed within the condenser bundle, <thus the liamit
on cooler height,

The first calculation in COOLEX determines the steam
velocity at minisum cross-secton in the first rowv of tubes,
VLCHAX, VLCHAX is directly proportional to the amount of
stear and non~condensible gas entering the cooler as well as
the ccoler geometry. Therefore the constrained 1liamits for
VLCHMAX will play a major factor in the overall condenser
design.

Subsequent row analysis is treated identically as in
SECALC., BHovever, all pertinent heat transfer data ace calcu-
lated directly within cCoOOLEX, making it independent of
HETTRN. Steam pressure 2and steam flow are checked at each
rov to snsure that the appropriats limits are not violated
and all <thermodynasic parameters are calculated. At the
conclusion of COOLEX, cooler perfo>rmance variables such as
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f heat load, exit-fraction stean, steam pressure losses and
ﬁ overall heat <transfer coefficients are calcula+ted and
. contrcl is returned to SECALC. The flow diagram for <he
COOLEX subroutire is illustrated ia Pigqure 4.6.

8. QUT2

This subroutine prints the overall condenser bundle
results including heat 1load, steaa axit-fraction, overall
heat transfer coefficient, overall condenser LMTD ard bundle
volunme. Normally, OUT2 is callel once after the initial
design is analyzed and again after the optimum design has
. teen determined. Pinal design variabls values such as tube
nuaber, coolant flow, tube pitch, tube wall thickness and
tube inner diameter are also printai.

9. QUT2C

This subroutine prints the cooler results as vell as
the combined cooler/condenser results. This subroutine is
called froma the subroutina 0UT2 and is called only if a
cooler is required and subsequently desigrnad. Therefore,
these results will always be printed 1in conjunction with
: OUT2 output.

- 10. 0UT3

| This subroutine prints a very detailed output of the
condenser and cooler results by row and sector. Nearly all
the thermodynanic and heat transfer proparties are
presentad, thus providing a racther complete picture of
conditions everywhere in the condenser. This is extremely
o helpful in determining, €for exampls, wvhere additional heat
‘ transfer enhanceament would be most beneficial, or where
baffles should be best located ¢t> reduce the effects of
condensate inundation.
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B. SUPPORTING SUBROUTINES

The following is a brief description of supporting functions
and subroutines called frequently by the main subroutines.

1. DPSVTY: This subroutine returns the value of the mutual
diffusivity of the steam and non-condensible gas presert.

2. XTR: This funcion subroutine transforms the calculated
data, received in the argument list, to the 1log values and
performs a linear regression oa two or more points usinag
the model.

3. ANUPN: This function subroutin2 calculates the viscosi-
ty of the non-condensible gas in lba/ (£t-sec).

This function subroutine calculates the viscosi-

4. BNUPN
ty of a saline sclution in th2 range of 0-24 pexcent
concentration and temfperatures of 40-210 op in

lba/(hr-£ft).

S. CPAFN: This function subroutin® raturns a value for the
heat capacity of the inert, non-condensible gas mixed in
vwith the staam in units of Btu/(lba-m0l-0P).,

6. CPFN: This function subroutina calculates the specific
I heat of a saline sclution units of Btu/(lbm-9F).

7. CPSEN: This fuaction subroutin2 calculates the heat ca-

¥

1 . pacity of steaa in Btu/(lbm-201-9F).

| i 8. HPGEN: This function subroutine returns a value for the
g latent heat of vaporization of water in Btu/lba.
g 9. PRSDRP: This subroutine returns the shell-side pressure
g drop across a rov of tubes in psia.
z

10. PSATPN: This function subroutine calculates saturationm
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pressure of steaa as functicn of teaperature. Pressure is
returned in units of psia,

11. BROBFN: This function subroutin2 calculates the density
of a saline solution ofconcentration range 0-24 percent and
temperature range of 40-300 ©OP. Dansity is returned ir
units of lba/(cu.ft.).

12. SKBFN: This function subroutin: calculates the thermal
conductivity of a saline solution of concentration range
0-24 percent and a temperature range of 40-300 9F. Thermal
conductivi*y is in (Btu)/(hr-£f-OF).

13. ISATPN: This function suroutine returns the value for
steam temperature in OR given a pra2ssure in psia.

14. VGFN: This function subroutine calculates the specific
2 volume of steam as a function of temperature and pressure.
&

24 It has units of (cu.ft.)/lbe.

_ 15. SHITCH: This function subroutine reverses the order of
E\ a stored array.
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Pigure 4.1 Plov Diagram for the ANALIZ Subroutine.
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Pigure 4.2 FPlow Diagram for the INPUT Subroutine.
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Plow Diagram for the ORCON Subroutine.

rigure 4,3
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SECALC Plov Diagram (continued)
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Flow Diagram for the OUT2 Subroutine
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Plov Diagram for the HETTRN Subroutine.

Pigure 4.5
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V. RBRESULTS

A. CONDIP VERIPICATION

It vwas desirable to verify the single pass capability of
CONDIP (i.ce€. vithout optimization) as a predictor of
condenser perforaance by comparison with actual experimental
data. However, ccmplete and accurate data on condense:
design and corresponding performance is not always readily
available. Lynch (Ref. 18] encount2red this same prchlea in
attempting “o verify ORCON1. However, he did marage to
locate scme actual experimantal c¢ordenser data, obtained
during a test conducted to determina the general performance
of the DDG-37 class propulsion machinery (Ref. 16]. The
test took place at the Naval Boiler and Turbine Laboratory
and wvas conducted primarily to determine the performance of
the turbine and reduction gears. Some limited condenser data
vas taken as a by-prcduct. The various measurements were
obtained as described below:

1. Steam flov measurements were made by weighing +he

condensate.

2. Cooling water inlet and outlet temperatures were meas-
ured by thermometers installed in the inlet and discharge
linas.

3. The heat 1load is calculated based on total steam flow
into the condenser =multiplied by the difference between
inlet steam and condensate enthalpiss.

4. Circulating wvater flow wvas 3etermined from a heat
balance around the condenser. The %otal heat 1load was
divided by the circulating water heat capacity and
temperature rise to c¢btain flov rata.
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5. Condenser inlet pressure was determined by prassure
instruments located above the condensar inlet flarnges.

6. Non-condensible gas flow was m3asured by a flowrato:-.

7. Pressure at the air ejectcr was measured directly. This
pressure and the inlet pressure detarained the pressure 4drop
across the condenser.

It should bLe pointed out that this data were not record=d
vith the care that npormally accompanies scisntific data
collection. Neither the instrumants nor the techniques
employed were particularly accurate. The possibility that
this observed data are in error casts a cloud over the cred-
ibility of the corresponding condenser performance, which
was calculated based on those values. However, for a lack of
tetter alternatives, <this data and the resulting condenser
analysis will be wused to determine the reliability of
CONDIP.

The DDG~37 condenser geometric design variables obtained
from the technical wmanual [Ref. 15] and irput parameters
corresponding to a full speed run ar=z presented in Table I.
An attempt was made to repeat the design using CONDIP. The
results ¢f CONDIP's proposed design as well as the experi-
mental performance are presented for comparison in Table II.
Percentages were calculated to gquantify <the differences
between *he actual and hypothetical performance.

Before elaborating can the results of +his verifica+icn,

some notable differences between the two designs must be

clarified. Pirst, a specific fouling factor was not deter-
mined at the time of the experiment and was therefore not
provided. A somevhat realistic clesanliness factor of 87.5
percent (fouling factor of .0002) was utilized.

Second, in the DDG-37 condenser the rectangular cooler
appears to te inserted directly into the condenser bundle.
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Rowaver, in order to accomodate the cooler, the bundl2 mus*
expand or distort. In addition, a void of some dimensions
must be provided-for in the center of the bundle tc collec+
any uncondersed steam and non-condensible gases. Diagrams in
(BRef. 15] indicate that the DDG-37 condenser is indeed
nearly elliptical in shape with bundle axes of 5.67 and 7.17
feet. Although it is apparent that a void does =2xist, exac*
dimensions can not be readily determined frcm the available
information.

CONDIP approximates this design by creating separately a
circular condenser bundle and a ractangular cooler, the
height of which cannot exceed the difference between the
outer and inner bundle radii. A circular void of pre-
determined size is provided-fcr when deteraining the
condenser bundle geometry. Subsaquent volume calculations
are performed on the condenser bunlle and cooler separately
and the overall condenser volume is computed as simply their
sum.

Although CONDIP dces not 2xactly duplica;e the geometrIic
configuration of the DDG-37 condenser, it was possible ¢to
manipulate certain initial design variables in order to
cause CONDIP to davelop an approximately equivalent configu-
ration, These variables wvere chosen because, for saall
changes in their values, there 1is a rather significant
change in the bundle geomatry with relatively small effec*s
on the overall condenser performance. Since there are no
specific dimensjons provided for the ipner void in +he
DDG-37 techniczal manual, it wvas picked to be one of the
design variables to be adjusted. Row spacing was also
adjusted because it satisfied the conditions described
above. Through trial and error a coabination of row spacing
and inner void radius were determined, from which CONDIP
yielded a geometric design similar to the DDG~37 condenser

and ¢that satisfied condenser requirements specified in




(Ref. 17]. In this par+«icular case, +*he void diameter ard
rov spacing ware determined to be 1.1 feet and 1.35 inches
respectively. This arrangement enabl2d <the condenser model
to closely approximate the tube sheet area ratio of the
actual DDG-37 condenser. This wmanipulation, however, must
be interpreted as another source »f error and innacuracy
when comparing CONDIP's condenser performancs with the
experimental results.

Las+ly, condenser designs in {Ref. 15] reveal that <three
different *ube patterns were employed 3in the DDG-37
condenser. In addit ion, two differaznt values for tube pitch
were used - a pitch of 1.4 in <+he coadenser bundle ard a
pitch of 1.3 in the cocler. This situation cannot be dupli-
cated irc CONDIP. Therefore a constant pitch of 1.40 and a
uniform tube pattern were utilized throughout th2 condenser.

The design approximations utilized in CONDIP to try to
geometrically simula*e the actual DDG-37 condenser intrcducs
significant uncertainty into subsequent design compar-isons.
This, coupled with the fact that the Jata collected is also
suspect, would imply that it is rather difficult to verify
CONDIP's analysis with *he information available. + should
also be roted that CONDIP is sensitive to even small vari-
anc2 in either the data collected (i.e. s*team inlet tempera-
ture) or the approximated design variables. However,
despite the above-mentioned problems associated with
equating CONDIP's condenser ¢to the DDG-37 corndenser, the
experimental data obtained from tha DDG-37 condeaser still
provide the best available base upon which to make a resason-
able determination of CONDIP's capabilities and limitatioas.

In comparing the results in Table II, it is immediately
clear that ¢there is significant difference betweern certain
condenser performance parameters pradicted by CONDIP and the
corresponding experimentally derived condenser perfcrmance.
dlraady, wmuch has been said about the numerosus geometric
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approximaticns used to model the DDG-37 condenser. Bu<z
questiorable data and geometric manipulations may ro+*
completely explain the 13 percent 2xit-fraction and gereral
poor performance generated in CONDIP's analysis. 1I%s values
for the average overall heat transfer coefficient and heac
rejected wer2 significantly lower thar <the =2xperimental
results. One source of the problem 1lies in “he actual heat
traasfer analysis performed in th2 code. Lynch {Ref. 18]
graphically illustrated how sensitive this aralysis is to
the effects of condensate inundation. In particular, by
making small changes - within +he 1llowable ranges - irn ths
constants used in Eissenberg's correlations for ccndernsate
rain, significant improvement could be <realized ip <+he
overall heat transfer characteristics of +he condenser.
CONDIP's results, vhen comparad ¢t¢> the expe-imartal data
suppert the arqument that the valuas currently used in the
inundaticn correlations are rather conservative in nature,
and cause the overall analysis to yield a poor preformance
for the given steam load and condenser design.

Therefcre, in order to present CONDIP with a fair test
to determine 3its credibility as a design pradictor, scme
additicnal work must be first acsomplishaed. A condenser
geometrically identical to the g2mneral model created in
CONDIP should be constructed with complete and accurate da*a
acquisition systems tc establish a thorough data base from
which to compare. Also, more research should be performed on
the effects of condensate inundation and velocity shear *o
obtain wmore precise correlations in determining their
overall effects on the film heat transfer cosfficients.

One last additional point should be mentioned. In
comparing the steanp~side pressure drops through the
condenser, it was shcwn that CONDIP's pressure losses were
nearly 72 percent larger the the actual physical measure-
ments. However *his radical differance is mainly due %o the
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high pressure losses experienced at <+he erntrance of the
cooler as a large volume of s-eam tried to fo-ce izs way
+hrough the small available area. Therefore, the signifi-
cance of this large disagreement in results is rzla%ively
minor and can be treated simply as 3 consaquenca of the more
important heat transfer limitations in the compariscn run.

Although the goal of verifying CONDIP as a design
predictor has proven elusive, it was still pcssible to
demonstrate its capabilities through <comparison studies.
Therefore, ¢the remaining emphasis in this thesis is to show
the ability of CONDIP (in combination with the optimizer
COPES/CONMIN) <to take an initial dzsign with 2 given frame-
work of constraints and design variables, and ob*ain better
designs based on a desired objective function.

B. EXPLANATION OF THE CASE STUDIES

The following case studies were devised to best exercise
the capaktilities of CONDIP. They wers made as realistic as
possible so as ¢5 simulate the problem of conderser design
and specification ccnfronting the =2ngineer during the early
stages of power plant design. The condenser performance
returned by CONDIP during the verification run and contained
in Table II will serve as a baseline for comparing the
results cf each case study. The baseline condenser perform-
ance 1is based on the design parameters from the DDG-37
condenser listed in Table 1I. It was stated =2arlier that
CONDIP's op+timization results are slightly sensitive to the
initial design if more than three design variables are usad,
Since all the cases involve eight or =more design variables
it would be best, for the purposes of comparison, +to start
from the same initial design in all cases. Therefore, the
initial design variables used for the verification run and
contaired in Table I will be wutilized as the baseline




design. Although many of these initial design variables will
be alloved to change during optiaization, certain tasic
condenser requirements will not. They include: stean flow
into the ccondenser, inlet steam saturation pressure and
temperature, cooling water injection temperature, the frac-
tion of non-condensible gases in the steam, the tubes fouling
factor, and the tube material. It should be noted that
although there was an initial value for row spacing given in
Table I, rov spacing was not usad as a design variable
during any of the optimizations. Instead, the progranm used
the default method of row spacing calculation available in
the ccde where the rows are spacel such that a 60-~degree
equilateral triangle pattern of concentric rows is cb+ained.
Row spacing 1is therefore dependent on tube pitch and tube
outer diameter by the following relation:

8SPA = (SDDO * ODOIL * .866 (eqn 5.1)

vhere RSPA is rowv spacing, SDDO is tube pitch, and ODOI is
tube outer diame*er in in<hes.

There are a few key poin%ts ¢t> Dbe kept iz mind when
comparing the results of the case studies with the baseline.
Pirst, +the baseline design is an infeasible and inadeguate
design. Its performance indicates that it is not capable of
supporting the required steas load by returning a steanm
exit-fracticn in excess of 13 percant. So any gains in the
objective function that were realized in the case studies is
even mcre remarkable since it is a necessary condition that
the optimua design be a feasible dasign, defined as having
an exit-fraction not greater than 1 percent. Second, the
percaent change referred to wvhen analyzing the results is
calculated based on the baseline design. Thus the baseline
serves as a unifora frame of reference. Next, it should be
noted that becauss of the large nuaber of design variables
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and constraints, intuitisn on how an optimized result will
turn out is not always applicable. Pinally, it will be
easier to understand the effects of the various Jdesign
parameters by keeping in mind the following, very basic,
heat transfer correlation:

Q =0 % A * LATD (egn 5.2)

where Q is the rate of heat released as the steam condanses;
U is the overall heat transfer coefficient; A is +hes heat
transfer surface area; and LMTD can be interpreted as the
thermal driving force between the steam and the coolant. Q
is directly dependent on steam flow and pressure into the
condenser, the percentage of that s*“eam tha+ is condensed,
and any subcooling of the condensate. Por a given steam load
and a very small exit-fraction Q is nearly «constart as the
optimized resul*s in all the case studies will indicate.

1. Copstraint Framework for CONDIP

In order to simulate an actual <trade-off study, the
constraints and their respective limits were kept constant
for all the case studies. The conisnser was to be designed
vith a maximum bundle diameter of ten feet, a maximum and
ninimum ¢ube outer diameter of 0.625 and 1.25 inches respec-
tively, a steanm exit-fraction of not more than t percent, a
maximum cooler inlet velocity (VLCMAX) of 200 feet/second,
and a ratio of tube sheet hole area to total tube sheet area
of less than 0.30.

The constraint on bundle diameter was chosen some-
vhat arbitrarily. It seems unlikely that this limit would be
realistically exceeded, although certainly space require-
ments would dictate the exact configuration. Tube outer
diameter is dependent on the values for tube wall thickness
and tube dinner diameter. Thus the liaits imposed on tube

71




nep
J

[11]

outer diameter represent realistic restrictions on th
possible cobinations of inner diamz*er and wall thickness.
These restrictions are based loos2ly on an*icipated <+ubs
structural and strength requiresma2nts and correspond to
values of normally available <tubes (Ref. 19]. The maximun
limit of 200 <feet/second for VLCMAX was alsoc a somewhat
arbitrary but realistic linmit. It is assumed that steanm
velocities cften exceed that value in the condenser bundle.

It is recalled that steam 2axit-fraction will play a g
s significant role in the determination of the final optimum
design. The baseline exit-fraction of 13 percent predicted
ke ‘ by CONDIP for +he DDG-37 condenser is unsatisfactory.
4 Tharefore a2 more reasonable upper limit of 1 percant was
placed on this constraint., Although CONDIP will return a
much more ccnservative design if 1 percent vice 13 percent
is used as the upper 1limit, the subsequent design will be
such more credible.
@ Finally, the amount of tube sheet material that can
be removed by drilling for *he installation of condenser
tubes is. specified at 24 percent of the total tube sheet
area in (Ref. 17]). This area ratio imit represents a
structural limit imposed to ensura that the tube shee%s 4o
not fail due to heat and pressure stresses in the condenser.
Hovever, CONDIP does not take into account the space between
the condenser and tube shell normally used in area ratio
calculations as blank tube sheet area. For this reason and
! to allow mora flexibility - in the design analysis, the
o constraint limit was set at 30 percent.
' In suamary, the general dasign constraints and the
; associated upper and lower bounds warae:
: 0.625 £ tube outer diameter (inch) s 1.25
1.0 < bundle diameter (fset) < 10.0

steanm exit-fraction (%) < 1.0
VLCHAX (ft/sec) S 200.0
area ratio < .30
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These design ccnstraints ani associated bounds were
used in all the case studies except where specifically
nodified.

2. Design Variable Pramework for CONDIP

At least eight design variables were usad in all the
case studies. They include tube inner diameta2r, tube wall
thickness, tube pitch, the number of tubes in the conderser,
tube length, the inner void radius, the percent of the tubes
in the cooler, and cooling watar va2locity. Side constrairts
were placed on all c¢f these variables to correspond +to
either realistic physical limits or available standardized
materials.

Tube wall thickness was not allowed to fall below
0.022 irches (BWG 24) or exceed .109 inches (12 BWG), sizsas
normally available commercially. Tube inner diameter was
restricted to values betwesen .407 and 1.206 inches so as to
yield tube outer diameters within the limits specified
earlier.

Tube pitch is defined as tha ratio of the center to
center spacing between adjacent tubes in a covw <¢o the tube
outer diameter. Tube pitch is an accurate measure of how
closely packed the <tube bundle is. Generally accepted
values for pitch lie in the range of 1.3 to 1.7. Howvever,
to provide more 1latitude in the dasign process this design
variable was allowed to vary in the range between 1.1 to
2.0,

There is no guidance availabla as to the allowable
range for tube length in the condeaser. Since the lowver
lisit was not expected to be crucial, it was set randoamly at
1.0 feet. The upper limit of 25.0 faet vwas a realistic limit+
considering the size of the tube diameter being vorked with.
Inner void radius and the percent of tubes in the cooler
were chosen to be design variablas simply to enhance the
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flexibility of the code in designing the conderser amcdel.
The bounds for bhoth variables wer: entirely arbitrary with
only ccmmon sense as the determining factor. The upper and
lover 1limits on the percent of tubas ia +the coolaz was
established as 10.0 and 2.0 percent raspectively. The upper
and lower bounds on the inner void radius was set a* 1.0 and
0.1 feat.

Cooling water velocity generally ranges from three
to nins feet per second in value for all <common tube
matarials, except titanium which has an upper 1limit of 15
feet per second. Exceeding these uppsr limi¢s risks exces-
sive tube erosion and material damaje. Finally the number of
tubes was persitted to vary between 1000 and 8000 tubes for
the purpcse of improving design flaxibilty. It is extremely
unlikely that, for most propulsion applications, tube number
would fall below 1000. The upper liamait was siaply chosen as
a realistic cutoff point in terms of coamplexity, cost and
maintainability.

In suamary, the general design variables and the
associated side-constraints were:

0.407 € tube inner diameter (inches) < 1.206
0.022 s tube thickness (inches) < 0.109
2.0 € percent of tubes in cooler € 10.0

0.10 < inner void radius (£f22%t) < 1.0
3.0 S cooclant velocity (ft/sac) 5 9.0
1.0 € tube length (feet) < 25.0
1000 € tube number < 8000
1.1 € tube pitch <€ 2.0

As in the case of design constraints, these design
variables and their respective limits wvere used consistently
in all the case studies unless othervise specified.




C. CASE STUDIES USING CONDIP

1. Case One

The objective of this case was to minimize condenser
volume. The final results of the optimization alsng with the
initial parameters is listed in Table III.

These results shovw a 15 percent decrease in
condenser volume with a corresponding 24 percent increase
in pumping powver. The source c¢f tha improvement can be
understood by noting the follcwing:

1) Tube wall *hickness was reduced f-om 0.049 t> 0.022, the
minimum side-constraint, thus alloving tube inrer diameter
to incraase vhile maintairing a miniaum tube ocuter diameter.

2) The number of tubes shrank slightly as did tube length,
resulting in a smaller heat transfar surface acea.

3) Tube pitch increased markedly, causing a reductice in
steam pressure losses vhich then ansured that high values
for steam saturation pressure and tamperature would be main-~
tained throughout the condenser. The large pitch also
reduced steam veldocities, alloviag the cooler inlet velocity

limit tc be satisfied. Row spacing decreased from <he
initial wvalue of 1.35 inches, thus decrersing condenser
volume.

4) Cooling wvater velocity increased <to the maxisum allo-
wable value of 9 ft/sec which correspondingly resulted in
larger head losses and coolant flow, causing overall pumping
pover to increase.

As cooling water velocity increased and <tube wall
thickness decreased, then their raspective thermal resis-
tances vere diminished. The cuaulative effect was <to
improve the overall heat <transfer coefficient. LUTD rose
primarily as a result of the hijher steamn temperatures
throughout +*he condenser. It is apparent by looking at
equation 5.2 that increasing the driving forces for heat
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transfer, such as the overall heat %ransfer coefficient ani
LMTD, allows the heat transfar surface arsa to decrease.
This resulted ir a similar reduction in condenser vclume.

The constraint limits that prevented further design
improvement wvere the upper bound on <the cod5ling water
velocity, the upper limit on the tube sheet area and the
upper limit on VLICNMAX.

2. Case [¥Q

; The objective of this <case was to ainimize the
punping power required to overcome the tube-side head losses
3 and drive the cooling water through the condenser tubes. The
~ final results of ¢the optimization are presented along with

the ini<ial design in Table IV.

i The results indicate a dramatic 90 perceat reduction
in required pumping power with an 2qually large 120 percen*
increase in condenser volume. The major factors involved in
the design improvement along with their relative effects are
briefly explained below:

1) Tube inner diameter increased 27 percent while tube

thickness remained relatively uncharged. Thus tube cu%er

diameter was caused *to increase.

2) The number of tubes in the condansar rose significantly,

along with tube length. This, coupled with the enlarged tube
; cuter diameter resulted in nearly doubling the haat transfer

area.
] 3) Tube pitch icreased 29 percent, vhich allowad steam
‘ saturation pressure and temperature <o be maintained at
consistently large values in *he condenser. This had a
benefiting effect on the associatel LMTD calculation. The
large pitch 1also helped satisfy the steam velocity 1limit
into the coocler. The tube spacing dacrasased froa the initial
value of 1.35, but by a ssaller amount than the previous
case because of the large values for tube pitch and outer
diameter.




e et e R e T AR 55 1 - A i o A b 374 2 =t PRy

4) Cooling water velccity dropped to the minimum allowable
limit of 3 ft/sec. This had th3 effact of reducing “ube-side
head 1losses and «ccolant flow through the condenser.
Consequently, pumping power was drastically reduced.

The conbined effect of all these changes can again
be put ir perspective by looking at equation S.2. For the
given s“e¢am and corresponding heat 1load, the heat transfer
area increasad drastically, allowing both LMTD and the
overall heat transfer cosfficisnt to decreass. A smaller
overall heat transfer implies a smaller convective tube-side
contribution which 4in turn permits coolant velocity ¢to
reduce to its lowvest allovable valus. The LMTD decrease i
explained by the fact that cooling water was spending more
time in the tubes, thus causing the average cooling wvater
temperature to rise. However, th2 subsequent reduction in
LMTD wvas minimized by the fact that a high steam tempera*ure
vas maintained in the condenser,

There were no active constraints in this design
outside of c¢ooling water velocity which prevented further
design improvement. However, the panalty paid in terms of a
huge condenser volume, appears prcochibitive.

3. Case Ibhree

The objective of this case was to miniaize pumping
powar while holding condenser volume constant a:t the initial
value of 432 cubic feet. This was a particularly interesting
test case as the results in Table V bear out. Ihe required
puaping power was 7rTeduced by nearly 38 percent with no
change in volame. £ The effects of the design changes which
resulted in the design improvemen*: are presented below:

1) Tube inner diameter increased noticeably. H>wever, the
effacts of this increase on <tube outer diameter wvas aini-
nized by a large drop in tube wall <thickness. Thus, ¢tudbe
outer diameter remained relatively uanchanged.
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2) The number of tubes experienced a minor reduction, while
tube length increased. The overall a2ffect vas to incrsase
heat transfer surface area.

3) Tube pitch again rose by nearly 25 peccent, causing
steam saturation teamrerature and pressure <o maiptain 2

gk

nearly constant value throughout th2 condenser. This had a
beneficial effect on <the LMTD between the steam and the
cooling water, The larger pitch alsoc had the addi+ional

3 : effect of reducing steam velocity *hus allowing +the subse-
L, ! quent design to satisfy the wupper liamit on stzam velocity
_ into the coolar (VLCMAX). The combination of tube pitch and
K i tube ocuter diameter resulted in a reduction in cow spacing
from the initial value of 1.35
4) Cooling vater velocity decreas2d by about 21 percent.
i This effect was manifested in subsequent pressure hL2ad,
; coolant flow and pumping power calculations.
| Looking at equation 5.2 wa see the same general
@ pattern emerging as in Case 3, but with more subtlety ir the
| changes. Heat transfer iccreased, but aot at <he expense of
volume, Cooling water velocity was allowed to decreass
wvhile the cverall heat transfer coafficient actually rose.
One explanation is that as the tube wall got <+thianer its
thermal resistance got smaller which more than offset the
loss of convective heat transfer contribution from the
: coolant. The LMTD dropped slightly iue to the higher average
coolant temperature of the coolant in the tubes.

The constraints which becazse active and prevented
further improvement in the design include tube sheet area
ratio as well as tube wall thickness. However, tube wall
thickness was particular crucial because of its related
effect on heat transfer.
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4. case Four

The objective of ¢this case was to minimize condense:
volume while holding pumping power coanstant at the inizial
value of 55.7 horsepower. The results of this case can be
found in Table VI. Chcsen “0 contrast the results in Case 4,
ths relative improvement in this design objective was no+
nearly so impressive. Condenser volume shrank by only 12
percent. An explanation of ¢the <causes and effects is
provided below:

1) Tube inner diameter increasei, with 2 corresponding
dacrease in tube wall thickness +o yi2ld +the minimum allo-
vable tube ocuter diameter.

2) The nuamaber of tubes decreased noticeably, tzrding mini-
mize bundle volume. Note, there was only slight increase in
tube length. The overall effect was to similarly reduce heat
transfer surface arsa as condenser volume decceased.

3) Tube pitch again increased significantly, having the
sane effects on steanm pressure, tamperaturs and stean
velocity into the cooler as discussed 2arlier. A large tube
pitch benefits +the LMTD between the steam and the cooling
water. Row spacing was again a factor in reduciag condeaser
volume as bhefore.

4) Cooling velocity decreased slightly as did head 1loss.
But overall coolan%* flow increased due to an increase in
tube inner diameter. The net effect was to maintair pumping
pover.

Again, referring to equation 5.2 , it is clear that
the sligh® decrease in heat transfar area was offset by the
slight rise in LMTD resulting from higher <condenser stean
teaperatures. The significant iaprovement in overall heat

transfer coefficient, therefore, is what makes the heat
balance work. The large decrease in tube wall thickness and
corresponding reduction in <thermal rasistance contributed
heavily to *his imprcvement.




There were several cortraint 1limits which prevented
any additional <objective optimization. They include the
minimum *tube wall thickness, tube shee:z area ratio and s*ean
velocity entering the cooler.

5. Case Bive

——————

The objective of this case was to minimize condenser
volume while exercising CONDIP's capabilities tc¢ linearly
vary tube pitch apnd tube inner diam2t2r by row. Thirty-£five
Tows were us24, wvhich wvas the identical naumber as ths
initial design. Tube pitch and tudbe ianer diametsr of bhoth
the outermost and innermost rows sesrvaed as d2sign variables
in this case. Hovever - because tupe anumber is now a depen-
dent wvariable based on the number of rows, tube pitch, and
tube diameter - it cculd not be us2d as 2a design variable.
The optimized results of +*his analysis alcng with the
ini+ial design are prasented in Table VII.

The results of <*his test cass indica*te a condenser
volume which is 20 fpercent smaller than the initial design
as compared to a 16 perceat decrease in Case 1. The basic
reasons and explanations as to why volume was able to be
reduced remain fundamentally <the saae as in Case 1,
Attention will therefore be focussed on the effects of
linearly varying pitch and tube diametar. Final tube pitch
ranged in value from 1.75 ir the inner row to 1.44 in the
outer row. Similarly, tube inner liameter ranged from .729
in +he inner row to .583 in the ocutar row.

It is believed that smaller pitch ard inner diameter
were used in the outer row because of the higher available
steam saturation pressure and temperature. The resulting
higher steam velocities enhanced the beneficial effects of
vapor shear on the external bheat transfer coefficient
thereby iaproving heat transfer on the outer rows. As stean
prassure decreased, <then tube pitch and tube inner diameter
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increased to compensate 2and extract all the available hea-
from the steam. Consequently, steam velocity decreased arnd
vas able to satisfy to the 1limit imposed on the «ccoler
entrance velocity. Th2 2pnd result is a condenser geomezr
that makes complete use of +he available rescus-ces and
conforms tc the geometry to take advantage of the thermal
conditions in the condenser. The big limitation with this
approach is that the number of rows is held constan%. Thus
the subsequent condenser is designad around that value and
+the subsequent cptimum design is a function of the number cf
rovs specified.
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i TABLE I
' Input Design Data
PARAMETER VALUE
Total number of <tubes 5230
Tub2 length (feet) 13.3
’ Tube inner diameter (inches) 0.527
Tube wall thickness (inches) 2.049
Tube outer diameter (inches) 0.625
Tube mat!l +hermal conductivi‘y 25.0
btu/ (£t-hrc-9F)
: Tube pitch 1. 38
: Percent of tubes in the cooler 7.0
'3 Steam inlet flow (lbm/hr) 161,961
f Fraction of non-condensible gas 37.1
. (ppm)
: Steam inlst pressure (psia) 1. 294
! Steam irlet temperature (OF) 110.52
: Coolant inlet velocity (f+/sec) 8.473
: Coolarnt inlet temperature (9F) 75.66
]5, Fouling factor .0002
¥ Inner void diameter (feet) ( 1.1
I Row spacing (inches) 1. 35
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TABLE II
CONDIP Verification Results
EXPERIMENT CONDIP CHANGE
EARAMETER RESUOLTS RESULTS (%)
Heat transfer area 8805 88 14 +0.10
(sg.ft.)
Overall heat transfer 635.2 547.9 -9.5
coefficient
btu/(hr-sq ft.~0F)
.g pearn temgerature 28.24 28.62 +1.3

ferenca (OF
Coolant temperature 10.61 { 9.90 -6.7
Tise (9F)
Coolant mass flow 1.503 1. 540 +2.5
rate (107 lbm/hr)
Condenser volume = |  ee==- 432.3 —————
(cu. ft.)
Bundle diameter (ft) 5.7 7.2 7.17 —————
Shell-side pressure 0.751 1. 29
drop (psia)
steam ?Xlt fracticn | @ ew=-- 13.3

input)
Hea* rejected 1.595 1. 451
(108 btu/hr)
Area ratio 0.291 0.266
83
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TABLE III
Volume Minimization

BASELINE OPTINMIZED CHANGE

PARAMETER RESULTS RESULTS (%)
Total number of tubes 5230 5117 -2.2
% of tubes in cocler 7.0 7.01 +0.1
Tuke length (ft) 10.3 9.92 -3.7
Tube inner diam. (ir) «527 .582 +10.4
Tukte wall thick. (in) .049 .022 -55.1
Tube outer diam. (irn) .625 «626 +0.2
Tube pitch 1.4 1.73 +23.6
Void diameter (ft) 1.10 1.34 +21.8
Bundle diame*er (£ft) 7.17 6.59 -8.1
Condenser volume 432.3 362.2 -16.2
(cu.ft.)
Area ratio 0. 266 0.300 +12.7
Coolart inlet vel. 8.473 9.00 +6.2
(f£t./sec)
Coolant mass flow 1. 540 1.955 +26.9
rate (107 lbam/hr)
Head loss (ft H20) 7.35 7.18 -2.3
Puaping power (hp) 55.69 68.99 +23.9
Coolant temperature 9.90 9.00 -%.1
rise (9°F)
Lg% mean temgerature 28.62 29,13 +1.8

ference (OF)

Heat transfer area 8814, 8320. -5.6
(sg.ft.)
Average overall heat 574.9 689.9 +20.0
transfer coefficient
btu/ (hr-sq.ft.~-
Ste an eéxit-fraction 13.3 0.0 -100.
(X of input)
1? 3 rejected 1.451 1.672 +15.2

btas/hr)




TABLE IV
Pover HMinimization

BASELINE OPTINMIZED CHANGE

PARAMAETER RESULTS RESUOLT (%)
Total nuaber of tubes 5230 6393 +22.2
% of tubes in cocler 7.0 7.4 +5.7
Tube length (ft) 10.3 13.34 +29.5
Tube inner diam. (in) «527 <667 +26.6
Tuke wall thick. (in) .049 -« 0455 7.1
Tube outer diam. (in) «625 «758 +21.3
Tube pitch 1.4 1.812 +29.4
Void diameter (ft) 1. 10 1.13 2.7
Bundle diamexer (ft) 7.17 9,25 +29.0
Ccndenser volunme 432.3 964 .U +123.1
(cu.ft.)
Area ratio 0.266 0.277 +4.1
Ccolant inlet vel. 8.473 3.00 -64.6
(ft./sec)
Coolant mass flow 1.540 1.067 -30.7
rat2 (107 1lbm/hr)
Head loss (ft H20) 7.35 1. 11 -84.9
Pumping pover (hp) 55.69 5.84 -89.5
Coolant temperature 9.90 16. 3 +64.6
rise (9F)

mean temperature 28.62 24.82 -13.3
ifference (9F)
Heat transfer area 8814, 16,921 +92.0
(sg.ft.)
Averaqe overa%% heat 574.9 393.8 -31.5
transfer co cient
btu/(hr-s3.
Steam !xit fraction 13.3 1.0 -92.5
(% of npat

1.451 1.654 +14.0

o ————————




b TABLE Vv
' Povwer Minisization With Volume Constant
- BASELIN OPTIMIZED CH%NGE
PARAMETER RESULTS RESOLT (%)

Total number of tubes 5230 5062 +3.2
% of tubes in cocler 7.0 6.7 -4,3
Tube length (ft) 0.3 11.39 +10.6
Tube inner diam. (in) 527 . 594 +12.7
Tube wall thick. (in) .0u49 .022 -55.1
Tube outer diam. (in) .625 .638 +2.1
Tube pitch 1.4 1.753 +25.2
Void diameter (£1) 1.10 1.14 +3.6
Bundle diameter (ft) 7.17 6.73 -6.1
Condenser voluae 432.3 431.6 -0.2
(cu.ft.)
Area ratis 0. 266 0.297 +11.7
Coolant inlet vel. 8.473 6.74 -20.5
(£t./sec)
Coolant mass flow 1. 540 1.508 -2.1
rate (107 lbm/hr)
Head loss (ft H20) 7.35 4.69 ~36.2
Pumping powver (hp) 55.69 34.77 ~37.6
Coolant teanperature 9.90 11.6 +17.2
Tise (9F)

og mean telgerature 28.62 27.63 -3.5

ference (VP)

Heat transfer area 88 14. 9631.4 +9.3
(sq.ft.)
Averagqe overall heat 574.9 627.3 +9.1
transfer coefficient
btu/(hr-sq.ft.-
Stean exit-fraction 13.3 0.0 -100.
(% of input)
Heat rejected 1.451 1.669 +15.0
(108 gta/hr)




B TABLE VI
h Volume Minimization With Power Constant
3 BASELINE { OPTIMIZED | CHANGE
h PARAMETER RESULTS RESUOLTS (%)
3 Total number of tubes 5230 4867 -6.9
- % of tubes in cocler 7.0 7.2 2.9
2 Tube length (f+) 10.3 10.92 +6.0
& Tube inner diam. (in) .527 .581 +10.2
= Tube outer diam. (in) .625 .625 0.0
1 Tube pitch 1.4 1.739 +24.2
; Veid diameter (f£¢) 1.10 1.20 +9.1
3 Bundle diame*er (ft) 7.17 641 -10.6
i Condenser volume 432.3 378.4 -12.4
¥ (cu.ft.
“ Azea ratis 0. 266 0.299 $12.4
5 Coolant inlet vel. 8.473 8.27 -2.4
k- (ft./sec)
4 Coolant mass flow 1.540 1.701 +10.5
: rate (107 lbm/hr)
Head loss (ft H20) 7.35 6.67 -9,.3
Puaping power (hp) 55.69 55.80 +0.2
Coolan+ temperature 9.90 10. 34 4.0
rise (9F)
sean ten rature 28.62 28.138 -0.8
, ference ( )
1 Heat transfer area 8814. 8697. -1.3
’ (sg.£ft.)
! Average overall heat 574.9 677.4 +17.5
: transfer coeff cient
K ; btu/(hr-sq.£ft.~9F)
s Steas exit-fraction 13.3 0.0 -100.
Ct (% of inpat)
}
Heat rejected 1. 451 1.672 +15.2
o (10s §t3/hr)
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p TABLE VII
Z Volume Minimization With Linear Variations
g BASELINE | OPTINIZED | CHANGE
k PARAMETER RESULTS RESULT (%)
3 Total number of tubes 5230 5348 +2.3
N %X of tubes in cocler 7.0 7.3 +4.3
g Tube length (£t) 10.3 8.7 -15.5
. Tube inner diam. (in) .527 *,729 .583 | ----
4 Tube wall thick. (in) .049 .022 -55.1
- . { Tube ou*er diam. (in) .625 *,773 .627 | =~-=--
Tube pitch 1.4 *1.75 1.44 ———-
Void diameter (ft) 1.10 1.28 +16.4
’ Bundle diameter (ft) 7.17 6.8 5,2
. Condenser volume 432.3 345.8 -20.0
¢ {(cu.ft.) |
B Area ratis 0.266 0.298 +12.0
Coolant inlet vel. 8.473 9.0 +6.2
(ft./sec)
3 Coolant mass flow 1.540 2.48 +61.0
k- rate (107 lba/hr) [
) Head loss (ft H20) 7.35 5.84 -20.5
i Pumping pover (hp) 55.69 71.1 +27.7
1 golant temperature 9.90 7.1 ~-28.8
f‘ zean teamperature 28.62 30. 1 +5.3
b gg%ference (83)
. ?ggt transfer area 88 14. 7746. ~12.1
§, Average overall heat 574.9 713.1 +24.0
‘ transfer coefficient
. btu/ (hr-sqg.£ft.~9F)
5 Stoal exit-fraction 13.3 0.5 -96.2
R (% of input)
Heat rejected 1.451 1.665 +14.7
(10® btua/hr)

* Inner rov values followed by outer row values.
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VI. CONCLUSIONS

The intent of this research was <to create a detailed
condenser analysis ccde capable of being coupled with a
numerical optimizer and to +test the program to prove its
versatility. An additional objective was to wvalidate *he
analysis with existing data. The results of the test cases
ware presented in Chagpter Pive; the resulting conlusions are
summarized here.

A. There were significant d4difficulties encountered in
formula*ing the complex condenser dasign anaysis, CONDIP, in
a way that was compatible with the optimizer COPES/CONMIN.
Howaver, the majority of those problems vwere overcone
resulting in the creation of a program which, when combined
with the optimizer, is capable of taking any initial desigm,
no matter how impractical or infeasible, and solving for an
optimun solution based on a set of pre~determired
constraints and design variables. There are still some
minor limitations as to the degree of optimization, but the
final design is usually within 10 pecent of the sirgle best
optimua. In additicn, the test cases indicate that as many
as ten design variables and six constraints can be used
simultaneously in the design optimization with CONDIP.

B. The test cases demonstrated the effectiveness of CONDIP
as a design tool for not only ¢the conceptual design of a
condenser, but also in evaluating comparison studies based
on any number of design variable coabinations. The nuaber of
possitle combinations of design objactives, design variables
and design coastraints implies liaitless possibilities to be
explcred and evaluated.




C. An attempt was made to verify CONDIP with existing data
vwith inconclusive results. Part of the blame can be placed
on the rather inadequate quality and quantity of the data,
but the general performance of CONDIP's condensa2r indicates
a weakness in the analysis. As stat2d 2arlier, the source of
the this weakness may be found in the correlations used for
condensate inundation. The constants used in the expression
for correcting shell-side heat transfer coefficients are
based somewhat on ccnjecture. Yet they play a significant
rola in the overall condenser performance. Dzspite this
limitation, +the ability to optimiza2 CONDIP's d=ztailed anal-
ysis is a significant step forward over using the tradi-
tional and limited HEI method.

D. CONDIP iacorporates features that further increase its
appeal as a design tool. By possessing <the ability to
linearly vary pitch and tube diameter, a better under-
standing of how to improve coadenser performance based on
its configuration is realized. The capability *o incorporate

shell-side tube enhancement is another added plus. The
possibilities that car now be investigated are limitless.




| VII. RECOMMEEDALIONS

In addition to the insight that this investigation has
’ given into the generation of automa*ed condenser design
3 prograas, i* has specifically addrassed the shortcomings and
! pitfalls which may be encountered along the way and offerad
possible solutions to overcome tham. Presented below are
reconpmendations for furthering the development>2f CONDIP as
a completely versatile and accepted design pregranm.
A. Sirce th2 wveak link and the mdst signifcant unkncwn in
condenser analysis is the effect of condensate rain in
s typical condenser environments, subsequent research should
j be devoted ¢o investigating this phenomenon and developing
- _ more precise analytic correlations. In pacticular, the
- ; effects of valocity and flow direction on <he c¢ondensate
film should be attended tc.
B. Perhaps in conjunction with the above, a test condenser
should be construc*ed which is geometrically similar zo the

model proposed in CONDIP ia order to physically observe and
{ record the condenser performance. This data could then be
! used to either verify CONDIP or strengthen some of its
i anaysis. 1In addition, this condenser should be built such
? that tha tube bank <can be arranged in any combipation of
pitch, tube diameter and row spacing to fully appreciate the

1 effects of these variables.
' C. A series of sensitivity studias should be conducted on
CONDIP to fully exercise its capabilities and determine the

relative effects of various designvariables on <condenser
pecrforsance. Tradeoff studies sinilar to those performed in
this research vould be most beneficial to fully understand
condenser behavior.
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D. Additicnal subroutines should be <c¢reated which would
allow +ube enhancement to be a design variable. This
involves developing corralations between heat <“ransfer
enhancement and associated frictional 1losses. This type of
rela*ionship caa be developed for both tube-side ard shell-
side enhancemen+.

E. Finally, it is recommended that additional refinement*
be performed on the code to incr2ase its capability and
flexikility. One such way is to somehow allow pitch, <+“ube
diameter and <tube wall ¢hickness to vary linearly by row
while s+il1 allcving the number of tubes to be a design
variable. The options available are limitless.
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APPENDIX A
GLOSSARY

While it would mcst beneficial to present a complete
glossary ¢f 2ll the variables used in CONDIP, the sheer
nupber makes it difficult to presant a comprehansive 1list.
However, CONDIP makes liberal use of comment cards to define
as many variables as possible to make <the code easier to
follow. Therefore, the computer listing ia Appendix C is
available for reference. A lis+ of the possible design vari-
ables and ccenstraints is provided hsre along with its corre-
spording position in the GLOBCM common block for easy
reference in writing the appropriate COPES data cards. In
addition, it will be specified whather +hese variables can
be used as design constraints or dasign variables.

1. ALSTI: The length of the condenser and «coocler *ubes in
feet. ALST is to be used only as a da2sign varciable.

2. DELRP: The pressure difference between the inlet and
outle+ coclant headers of the cond2nser bundle in psi.
DELWP is to be used only as a design variable.

3. DELWPC: The pressure difference between the irlet ani
outlet coolant headers 0f the condensar bundle in psi.
DELWPC is to be used only as a design constraint.

4. GPLOW: The mass flow rate of the coolart in 1bm/hour.
GPLOW cannot be used as a design variable simultanouesly
with VELBI. Otherwvise it can be used as a design varciable
or a design constraint.

5. S$ID]: The tube inper diameter 5f <the innermost rcw of
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the condenser bundle in inches. SIDI is to be used cnly as
a Jdesign variable.

- 7. SIDQ: The tube inner diameter >f <the outermost zcw of
the corndenser bundle in inches. If <there is 4o lireac
variation of tube inner diameter then this variable repre-
sents the tube dinner diameter >5f +the entire <ccndenser
bundle. SIDO is to be used only as a design variable.

8. PHP: The coolant pumping power in horsepower. PHP is to

b2 used only as a design constraint.

9. RSPA: The spacing between ccncentric <cows in *he con-
i denser burdle in inches. RSPA is to be used only as 2 :

design variable.

10. RADINS: The inner void radius of the condenser bundle

in feet. RADINS is to be used only as a design variable.

11. REWI: The tube~-side Reynolds nuamber of the coclant in
the inrermost row of the condenser bundle. REWNI is to be
used only as a design constraint.

12. RENQ: The tube-side Reynolds number of the coolant in
+the outermost row of the condenser bundle. If there is 22
linear variation of tube inner diameter then this variable

*f represents the tube~-side Reynolds number of the entire
condenser bundle, REWO is *o be used only as a constraint.

'i 13. SDDI: Tube pitch (tub2 spacing/tube outer diameter) of
the innermost row «c¢f the condensar bundle. SDDI 4is %o be
used only as a a design variable.

14. SDDO: The tube pitch of the outermost row of the con-
denser bundle. If there is 1no linear variation of tube
pitch then this variable represents the tube pitch for the
entire condenser bundle. SDDO is to be used only as a
design variable.
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15. SLDI: Ratio of tube length to tube outer diametar of
the outermost row of “he condenser bundle. SLDI is <o be
used only as a design constraint.

16. SLDO: Ratio of tube 1length to tube cuter diameter of
the outermost row of the condenser bundla. If ~here is no
linear variation of tube pi+tch <then this wvariable repre-
sents the *ube pitch for the eontira condenser bundle. SLDO
is to be used only as a design constraint.

17. VELBI: The velocity of the coolant in feet/sec. VELBI
cannct be used as a design variable simul*anecusly wixh
GFLOW. Othervise it can be wused as ei<her a design
constraint or as a design variable.

18. XW1: The ratio of tube thickn2ss to tube inner diame-

ter. XW1 can be used ouly as a design variable.

19. XW2: Tube thickness in inches. XW2 is to be used only
as a design variable. XW2 and XW1 cannot be used simultarne-
ously.

20. VOL1l: The overall condenser and cooler volume in cubic

feet. VOL1 is to be used only as a d2sigr cons:rain+.

21. YOL2: The volume occupied by the tube bank, excluding
the volume of the inner void, in cubic feet. VOL2 is %0 be
used only as a design constraint.

22. TNOTOT: The total number of tubes in *he condenser and
cooler combined. 1If Option 1 is being used tha2a TNOTOT is
to2 be used only as a design coanstraint. If Option 2 is
being used then TNOTOT is to be us2d only as a design vari-
able.

23. BNDRAD: The condenser bundle in f2et. BNDRAD is to be
used only as a design constraint.

24. ARATIO: The ratio of the total cross-sec+ional area of
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the tubes (based on the tube outer diameter) +0 the tube
sheet area. ARATIO is +¢o be used only as a design
constraint.

25. OPII: The tube cuter diameter of the innermost row in
inches. ODII is to be used cnly as a design constraint.

26. QDOJ: The tube cuter diamseter of the outermost row in
inches, If there is no linear variation of <+ube inner
diameter then this variable represants the fube outer diam-
eter of the entire condenser bundle. ODOI is +to be used
only as a design constraint.

27. YVLCHAX: The maximua allowabla steam velocity into the
cooler. VLCMAX can be used only as a design coastraint and
cnly when a cooler is being designed in the systenm.

28. PBCCLR: The percent of the total number of tubes in the
cooler. PRCCLR can be used only as a design variable.
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ARREEDIX 2
USERS MANUAL POR CONDIP

This appendix describes the data cards that are neces-
ﬁ sary in order t¢c couple any design prograa with
‘?_ COPES/CONMIN., Also described are cards illustrating data
; input required by CONDIP to initiate analysis. Thus, the

data is dividied into the COPES/CINMIN program section and
the CONDIP-based condenser design prograam section.
The COPES data is segmented into "blocks®" for conven-
ience. All formats are alphanumeric for title, end and stop
K cards; P10 for real data; and I for integer data. The
formatted input may be overridden by inserting ccamas
betveen Jata entries. Coament cards may be inserted anywhere
i Aﬁ in the data stack prior to the end card and are identified
‘T ty a dollar sign ($) in coluan 1. The COPES data stack must
" terminate with an end card containing the word "END" in
coluan 1-3. It should be noted that information pertaining
only to single analysis and optiaization is presented here.
Information conceraing the other options available in COPES
along wvith further explanation of COIsS capabilities can be
found in {Ref. 13]).

The analysis data is also segmsanted into blocks for
convenience and they begin immediately following the "END®
card in the COPES data. No comment cards are peraitted here,
and the analysis data stack aust terminate vith the word
#STOP™ in columns 1-4. This is wvhere the initial design
values are placed for entry into CONDIP.

Default values are recommended for use in the followving
COPES data cards unless othervise noted. It is recomsmended
that thess values in the COPES data blocks be used until the
user becoses faailiar with the progranm. In addition a
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sample data input is illustrated in figure B.1 at the end of
this appendix.
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DATA BLOCK )
DESCRIPTION: COPES Title Card

FORNAZ: 20A6
1 2 3 4 5 6 7
TITLE
BEMARKS:

1 This line is available for

a briaf description.
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DATA BLOCE B
DESCRIRTION: COPES Program Control Parameters

FORNEAZ: 7110
1 2 3 4 S 6 7 8
NCALC |NDV
FIELD CONTENIS
1 NCALC: Calculaticn control
0 goad input and stzg Data of blocki A-B
s uire . Remaining data i ogt on%l.
1 Onc c th :oug the progranm.

A-B is required. Remaining data
2 i atio o a of blocks A-
rogn:rgd. Rglagning Sataofs optional.
2 NDV: umber inde endent gesign 'aitgeit§

n optilizatxo or optimum” sens
study.

BEUARKS:
1) Pield 1 determines progras execution

3-8 are to be lef+t blank for the CONDIP
Egpiicat on ofacop35/conu§u.
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DAT) BLOCK ¢
DESCRIPIION: COPES Integer Optimization Control Parameters

IORNAI: 8I10
1 2 3 4 ] 6 7 8

IPRINT{ITHAX |ICNDIR|NSCAL |ITRH LINOBJ | NACHX1 | NFDG

EIELD CONIENIS

i

; 1 IPRINT: ngnt control nsoi in optimization
| 0 E %:1 u: nq “optimization.

|

1 nt nitial and final optimization
ormation.
2 sr gt abovzngius function value and
2 var e vs ues at @ach iteration.

3 bove plus constraint values,

d roct on vector and aove paraloter as
3 h toratio
T bove plus ;radiont info:la*ion.
Pr nt abovc plus 2ach Fo sed g
vector, objective function and constraints

:.quii.ﬁh‘a22§£3i:3‘3§€2‘is’835ional.

) ‘ 2 ITHAX: liiilu ﬁL of og&inization iterations

N

mbe

ove Brl

3 ICNDIR: ato sction restart paranmeter.
523 IR

¢ HScaL: §§%i§§¥.§‘28‘3§ & o fagnlfide d‘312vory

NSCAL lterati ona T.0 - Scale g
I 88 accor 1ng to sial ng valn s
nput. DEPAULT = ¥ ng.

5 ITRA: Banmber oi.znbs 2t itoratiogs which

st sat
co 9 efore opt!lization

conver co
procosg.g to:l atod. DEPAOL

Lo SIS o

o2k b;‘:'.::&;fn..:.

7 NACHX1: e th '] b ti
co St DR S f 2 NS ve 2. ;

con 2! nts ant




DATA BLOCK € (Continued)

IIELD CQNIENIS
8 ¥PDG: Pinite ditferonca gradient identifier.
0 51 ag 2nt informacion is computed by
e:t ce.
1 Gra g octin is computed
anayt onts of constraints
. aic con t a 2{ ni* difference.
2 gra ont formation is computed
analytical
BEBARKS:
LI value of NSCAL = 0 is suggested and ITRM = NACHX? = 0
sLougs be us 03 99

iL.I&!aval fh°€n§’§§¥$- §thgn %3235‘9 vhen the user becomes

hg default values will b! used 1f the card is either
ett lank or a value of zero is entered.

a) Bocanso of the ci glzxiti of the roble it is iicessagz
ve a_large va g or ITMAX so the pro
torn nated pramature Recommended valu zs Irunx =

! congle itZo Eh‘ c dons na Kgis ensure that go
on nsi ; ;x 9 efident on any combi-
£or %g of va: ablss. This ust s ng the DEFPAULT value




DATIA BLOCK D
DESCRIPTION: 'COPES Ploating Point Jdptimization Prograa
Parameters
FORNATI: 8P10
1 2 3 4 5 6 7 8
4 PDCH FDCHM {|CT CTMIN (CTL CTLMIN(THETA |(|PHI
i
]
| FLERLD CONTENIS
% ‘ 1 FDCH: Relative change in design variables in
i calculat ng finite difference gradients.
DEPFAULT =
; { 2 FDCHN: | um absglute in_finite differ
i : g%gé!ent cai f ion %EPAULTes 89 onee
i 3 CT: Constraint thicknass parameter.
j 3 DEP ULT = -00 [ )
g 4 CTNI: Eini:un oiute value of CT considered
i n_t ogt% zation process.
! 1 DEPAULT
! F 5 CTL: Co stiaint +hicknass parameter for linear
| an e constraints.
‘ 6 CTLMIN: iniguu abso%ute value of CTL considered
n_the optimization process.
! DEFAULT = 0.001
7 THETA:  HNea Jalge of push-Qff factor in the
I‘t o o fossgbf Sirections.
8 PHI: Partici ation coefficient ed if one or
) Roze cohs ohs t gagnts are violited.




DATA BLOGCK D (contirued)
FOBNAT: 2F10

1 2 3 4 S 6 7 8

DELFUN{DABPUN

FIELD CONIENIS
1 DELPUN: Minimsum relative change in objective
fnnftion zo indicate convergence °8
optimization procass. DEFAULT = 0.001.

2 DABPUN: inimga absoinﬁe change in objective.
unction to indicate Convergeice of the
ogtinization groc;ss.
D rauni = 0.% 1 times the initial
objective value.

REHARES:

1) Note that_ data for Data Block D is entgered on two
:&pgiagg.gards. A bgank card indicates the gegault value is

%chfighg.gex.%so.ago:gsrofgsg 3, *the recommended value for

RPI—



DAIA BLOCK E

PTION: Total Rumber of Design Variables, Design
Rescal ob ct ve Identification and Sigﬁ on D2819n

0b Jje ve.

2110, P10

FORHAZ:
1

2 3

NDVTOT SGNOPT

CONTENIS

1 NDVTOT: Total number of variables linked to the
design variables. NDVTOT must be greater
or equal to NDV. This option allows two or
lorg paralete:s t5> be ass qne to_ a single

gi variable. The value of sac
parametar 1s the value of the design
varjable times a multiplier which may be
ifferent for each parametar.
DErlULT = NDV.

R

L D S R -, T e v 4 g E E Ty

2 IOBJ: é bal variable nuaber anoiiatzd with
g tive unczion in opt zation or
aun sensitivity ana yszs.
' 3 GNOPT: usa bjecti of o mization
f S g ] 2& ggnctiogt%s %o )
_ nax T a . ndjicates
: l&!ll zat on° -1 iudicates n1n1n zation.

DEFAULT = -1.0

BEHARES:

] Ilincaiin:iﬁx 82‘2}“8egign Xriagi;g}eghéfe%gggrzh:h% %A%f%

N S . .
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DAIA BLOCK P

DESCRIPTION: Design variable Bounds, Initial Values, and
Scaling Pactors.

PORHAI: UF10

1 2 3 4 5 6 7 8
VLB VUB X SCAL
FIELD CONTENES
1 VLE: Lover bound on the design variable.
2 VUB: Upper bound on ths design variable.
BT I pagee ot Hhe deSHR TRLARNN: e

value initialize y subroutine ANALIZ.

4 SCAL: Des variable sczale factor. Not
use qgf NSCAL 2 3 gn Bfock C

EEMABES:

here must be one sepa e data card for each design var-
lgb e. Tgerefore tho:epwiif be NDV data cards. 9

i CONDIP
MBI Rt AR
ne called in ANALIZ.

initial values for the
be entered through the INPUT subrou-
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DATA BLOCK G
DESCRIPTION: Design Variable Identification

FORNAT: 2I10,F10
1 2 3 4 5 6 7 8

NDSGN | IDSGN | AMOLT

EIELD CONTENTS
1 NDSGN: Design variable namber associated
with the variabla.
2 IDSGHN: Global varzagle number associated
with the variable.
3 AMULT: Constant sultipliar on the variable.
The value of the variable will be the
value of the desxin variable, NDSGN, tinmes
AMOLT. DEFAULT =
REMARKS:

1) There must_ be one se agate card for each of the NDVTOT
design variables. § ata cards must follow the same
ordef as _the correspondlng design variable parameter cazds

in Bl ck P.
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DATA BLOCK H

DESCRIPTION: Number cf Constrained Parameters.

PORMAI: I10

1 2 3 4 5 6 7
NCONS
FIELD CONTENIS
1 NCONS: Number of constraint SETS in the
optimizatior problean.
REMARKS:

1}. If two or aore adjacent aramet2rs in the Global ccmmon
blo sape “limits imposed, these are pact of

ck have the

same constraint set.
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DATIA BLOCK I
DESCRIPTION: Constraint Identification and Bounds.
POBMAZ: 3I10

1 2 3 4 5 6 7 8

ICON JCON LCON

EIELD CONTENIS
1 ICCN: Pirst Glokal numbsr corresponding to
the constraint set.
2 JCON: Last Global number correspondin
the constraint sst. DEFAULT = I o .
3 LCON: Ligear constraint i en 1£ie f T
this set of onst:a va: es.
LCCH 1 indicates near conet:ain*s.
DEFA ULT = 0 = uonlinear constraint.
BEMARKS:

sl 2 CONDIP there ii onlg Global nuyaber and thus one cog-
raint hat coaprise constraint sec. Therefore
DEPAULT value is used for JCON.

2E A1) the _constraints %n this alysxs are non{inear. The
DEPAULT value was therefore used o: LCON as wel

3) This is +the first card of a two card set which must be
read together.
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DATA BLQCK 1 (Continued)

FORMAT: 4P10
1 2 3 [ 5 6 7 8
BL SCAL1 |BU SCAL2
FIELD CONTENIS

1 BL: Lower bound on tha constrained variables.
Value lags than -2.0BE+15 is assumed
anbounded

2 SCALY: Normalization factor on 1oves bound.
DEFAULT = Max of ABS(BL) or 0.1.

3 BU: Upfer bound on tha constrained variables.
Vvalue eater than +2.0BE+15 is assumed
unbounded,

4 SCAL2 No izati 3 uppe ound.
BREIBL#22 %400 S3°135 30, "BRe5.5¢

mm:

The n nalzzation uspally be defauls

ca% g v th
e not a xcogticn o exit raction. he norna zat
factor used or

upper bound.

s constraint is usual y ten 1es the




DATA BLOCK R
DESCRIPTION: COPES Data ‘END' Card.

FORNAZ: 3A1
1 2 3 4 5 6 7 8
E¥D
FIELD CONTENIS
1 The vord °*BMD' in column 1-3,
BRENARES:

1) This card gygt appear at the end of the COPES data.
2) This ends the COPES input deck.




4 .- DATA BLOCK Ad
t é DESCRIPTION: Geometry Option
13
4 IQRHAT: IS
- 1 2 3 4 S 6 7 8
i '
IOPT
E1ELD ONTENIS
1 I0ET Two condenser geometric options
1 IOPT = 1. Number of condenser rows is
a npug as a consgtant; the nunber of
tubes 1is Eendent variable
Use data s EE,FF,and GG.

A 2 IOPT = 2, uunber of tubes is allowed
to be an -ndepen ant _variable and the
nusber of :ous is a dependen* variable.
Use dat ock HE and I

: DEPAULT s IOPT = 2.
’ BEYARKS:
;Lrgata is right-justified and blanks will be interpreted as
opPT ler finite difference CH
o %llf oi dat gc& gi because (ED Lhi gtion
’ ; design ana ys 1oss sen itive to

scussed earlier. Reconlended using the DEPAULT valne of
0.01 for FDCH.




PATA BLOCK BB
DESCRIPTION: Condenser Orientation

FOBNAT: 1I5,3P10
1 2 3 4 5 6 7 8

BN o5 il 5

o
LR

IR S e TR

ISEC SECWID | PHI PRCCLR

IIELD CONTENIS |
i 1 ISEC The number of sectors in the condenser. |
& 2 SECVID Sector vid+h in degrees of arc.

8 3 PHI Symssetry angle measure froam th2 vertical.

B 4
; 4 PRCCLR The percent of ths tubes in the cooler. i

E | BESABKS:
E § CLOData BB is required, no matter wvhat geometry option is

' j g og 1ilitati n_on ISEC and SECWID is that thcir PE2;
oo uct s s tha grees. bhe product i exactl o
. ggg:o:i tyco::ta n tr gonometric fuanctions will retu

PgI ts %hat angle from the vertical that cuts the conden-~
sor 1l

j ] :‘rg:ta is right-justified and blanks will be interpreted as
|
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DATA BLOCK CC
DESCRIPTION: Void size, Tube Length, Rov Spacing

IORNAT: 3FP10
1 2

RADINS

CONTENIS

RADINS The inner void radius; feet.
ALST The tube length; feet.

RSPA oncentric row spacing about the void:
nches.

BEMARKS:

1) Data CC is required, no matter what geometry option is
chosen.




DAIA BLOCK DO
DESCRIPTION: Tube Naterial Parametars

IOBNAT: 1IS,4P10

1 2 3 4 S 6 7 8
IVALL (X% TUBEBSW({SKE FOUL
HELD CONTENIS
j 1 IVALL A Plag indicating the tube thickness
: sacci ic%tion. .

N 1 IRALL = 1, Tube zhicknoss is inpzt as
i ratio of tube thickness to tube inner
; diaseter

: 2 UlﬁL = 2. Tube thickness is iaput in

nches.
2 W The ingut %o: wvall thickness, dependent on
; the value for IWALL.
; 3 TUBESW igccitc zoi?ht of the tube matsrial;
| ./ (C\l. to
!

g 4 SKW b i th tys
| TBRE-18)5 i e hefRni ponductiviey
; 5 POUL Tube fouling factor.

BENABES:

é °2:§a DD is required, no matter vhat geometry option is

i{rg:tu is right-justified and blapnks will be interpreted as




DAT) BLOCE IR

DESCRIRTION: HNumber of Rows

ORUAT: IS
1 2 3 4 S 6 7 8
¥ORORS
FIELD CONTENIS
1 NOBROM S The nuaber of concentric rows in the
sgggonsor bundle built around the center
BRRHARES:

1) Data EE is used g;i; vhen IOPT = ]

%Lrg:ta is right-justified and blanks will be interpreted as




DATA BLOCK EE
DESCRIRIION: Tube

Inner Diaaster

FORMAT: 1I5,2P10
1 2 3 4 5 6 7 8
MDIAN |SIDO SIDI
PIELD CONTENIS
1 MDIAM A flag t> indicate whether tube irner
diameter will linearly vary by row through
the condenser bunile.
1 MDIAM = {1, Tube ianer dlaneter is uniform
through the condenser bun
2 ugllu = Tube inner diareter varties
1 nearly through th2 bundle by rovw.
2 SIDO Tube inner diameter of the outer row;
nches.
3 SIDI ube inrer diamatar of the 1nner row;
nches.
t
¢
REMARKS: ‘

1) Data PP is used oply when IOPT = ) :

2 D:ta is right-justified and blanks will be interpreted as

Zero

3i.Ccolet tubes use the inner diameter of the innermost bun- é

TOoVv.

4) The DEFAULT value is MDIAN = 1




DAIA BLOCK 6§
DESCRIPTIQN: Tube Pitch
POBMAT: 1I5,2FP10

1 2 3 4 5 6 7 8

MPITCH|SDDO SDDI

EIELD GONIENIS
1 MPITCH l fla to indicate wvhether tube pitch
% earlx vary by row through the
con ensa
1 MPITCH = 1, Tube itch is unifora through
the condenser bunila
2 MPITCH = 2., Tube g;tch varies linearly
through the bundl Tow.
2 sSDDO Tute pitch of the outer row;
3 SDDI Tube pitch of ths inner row;
BEUARKS:

1) Data GG is used Qply vhen IOPT = ]
gzrg:ta is right-justified and blanks will be in:erpreted as

3) Ccoler tubes use the pitch of tha innermost bundle row.
4) The DEFPAULr value is NPITCH = 1
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DAZA RBLOCK Hi
DESCRIPTION: Tube Inner Diametar and Tube Pitch

PORNAT: 2F10

1 2 3 4 5 6 7 8
SIDO sDDO
EIELD CONTENIS
1 SIDO Tube inner diameter for the entire
condenser; inches
2 $DDO Tube pitch for tha entire condanser
BEMARKS:

1) Data HH is used 9rly vwhen IOPT = ¢.
2) Data is right-justified and blanks will be interpreted as

Zeros.
unal tg SIDO and SDDI

) In the cilculations, hiIDI is gat eq
set squal o gDDo. g s avoids tha need for two systems
noaenclature for each geometry option.
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1 DATA BLOCK II

3

% DESCRIPTION: To*al Number of Tubes in the Condenser
y FORMAI: F12
1 2 3 4 5 6 7 8
THOTOT
FIELD CONTENIS
- 1 TNOTOT The total number 3f tubes in the
3 condenser (cooler and the bundle).
BENARKS:

7 Data II is used opnly vwhen IOPT = 2.

. g&rggta is right-justified and blanks will be interpreted as
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DATA BLOCK JJ
DESCRIPTION: 1Inlet Steam Mixture.
FORMAT: 15,2F10

1 2 3 4 5 6 7 8

JGAS WSI WNCIR

EIELD CONTENTS
1 JGAS A Flag indicating the type of
non-condensable gas entering *he system.
1 Jgns = 1. This indicates that the gas is
air.
j 2 JGAS = 2, This indicates that the gas is
carton dioxide. K . .
3 JGAS = 3. This indicates that the gas is
a mixture of the two.
2 WSI Steam flov rate entering the condenser;
lbnm/hr.
3 WNCIR Ratjo_of the non-condensable gas flow
to inlet steam flow; lbm/hr.
BEMARES:
| 1) Data JJ is required, no matter what geometry option
i chosen.

Zeros.

,' 121
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2) Da%a is right-justified and blanks will be interpreted as




DATA BLOCK KK
DESCRJIPTION: Inlet Temperatures.
FORMAT: 2F10

1 2 3 4 5 6 7 8

STBI STSAT1

EIELD CONTENES

1 STBI Coclant inlet temperature; OF.

2 STSAT1 gglet steam saturation temperature;
REMARKS:

1) Data KK is required no matter, what geometry option is
chosen.

%Lrggta is right-justified and blanks will be interpreted as
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DATA BLOCK LL
2 DESCRIPTION: Cooling Water Parametars
" FORNAT: 2F10
1 2 3 4 S 6 7 8
IPLOW |X5
9 EIELD CONTENLS
: 1 IFLOW A ccntrol flag for cooling vater
specifica tions.,
1 IPLOW = 1. Input gressure drop across
cocling vater healers in psia. .
2 {Png/seg. Input cooling water veloci<ty
3 n S [ )
3 3 IFPLOW = 3., Input coolant flow in lbm/hr.
]
v 2 X5 Actually, input the value for flcw into
. thgs vagiabfg. The s ecificatzon for flow
to be determined by IFLOW
BEMARKS:
1% Data LL is reguired, no matter what geometTy option is
chosen.

; gérggta is right~justified and blanks will be interpreted as
' -

3% X5 acts as a temporary all-purpose storage variable for
vhatever expression for cooclant flow is used.
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DATIA BLOCK MY

DESCRIPTION: 1In*ernal Enhancement Ragions

PORMAI: IS

1 2 3 4 5 6 7 8
NEI
EIELD CONTENIS
1 NEI Numter of internal enhancement regions.

A value between 1 and 6.

REMARKS:

1) Data MM is optional. There must be NEI subsequent data
cards providing the necessary paramaters for each fegion.

2) enhancement can only be used if IopPT = 1.

ggrggta is right-justified and blanks will be interpreted as

4) This value was zero for all runs.
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DESCRIPTION: Internal Enhancesent Parameters

FOBNAT: 2I5,3P10

1 2 3 4 5 6 7 8
NRNI NETI ENI BC BE
EIELD CONIENIS
1 NRNI Row number of first row in intarnal
enhancement region.
2 NETI Nuaber of tubes in each internal
en hancement region.
3 ENI Internal heat traasfer senhancement
factor.
4 BC Coefficient in iaternallyenpanged “ube
coclant pressure irop calcu ation.
5 BE Exfcnent in coolant pressure drop
calculation.

BEHARES:

1L Data NN is optional, Hgvever, if NEI is gﬁeater than zero
then there must NEI "NN* data cards to provide the necessary
data for each enhancement regisn.

2) enhancement can only be used if IOPT = 1.

ggrggta is right~-justified and blanks will be interpreted as

“L Thoge values arz fonstant for entire run and cannot be
changed by the optimizer.

%) This value vas zerc for all runs.

125




-

oy R T R R VR

DATA RLOCK N

DESCBIPTION: External Enhancemant Regions

JORNAZ: IS

1 2 3 4 S 6 7 8

E ¥EE
] FIZLD CONTENTS
4 1 NEE Number of external enhanceamant regiors.
; A value between 1 and 6.
y BENARLS:

cards providing the necessary paramsters on.

g&rggta is right-justifiad ard blanks will be interpreted as .

1 ata 00 is optional. There st be NEE ubsegquent data
L 38 3r0v1dfagP ar for sacatdad?

4) This value vas zerc for all rums.
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DATA BLOGK RB
DESCRIPTION: External Enhancesen: Parameters
FOBAAT: 2I5,2P10

1 2 3 4 5 6 7 8

NRNE NETE ENO ENR

IIELD CONTENIS
1 NRNE Row number of first row in externzl
. enbancement regioan.
2 NETE Number of tubes in asach external
enhancesent region.
3 ENI xternal heat transfer enhaicement
actor.
4 ENH Steam-side pressure drop factors.
BEMARKS:

L Data PP is optiona%. Hgvcver. iP NEE is gaeater than zero
3&‘“ there sust NEE P" data ds to provide the necessary
ta for each enhancement togion.

%‘rbata is right-justified and blanks will be irterpreted as

3) Enhancemen® can only be used if I0PT = 1.

hogo values ar!- cnstant for an entire run and cannot be

cLan by the opt Z8r.

5) This value was zerc for all runs.
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DATA BLOCK QQ

DESCRIPTION: Baffle Options

POBHAT: IS

1 2 3 4 5 6 7 8
IBAY
EIELD CONTENDS
1 IBAF A flag to be used to determine baffle

nusber 2nd location.

BEMARKS:

%) Data QQ is optional.

g%tggta is right-justified and blanks will be interpreted as

3L These values are constant for an entire run and cannot be
changed by the optimizer.

4) Additjonal sgecificd bagfles vere not used in any of the
runs. This valueé wvas zero for all ruas.
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DATA BLOCK &R
DESCRIPTION: Baffle Location
EQRHAI: IS
1 2 3 4 5 6 7 8

JBAF
PIZLD CONTENIS

1 JBAF An array containing baffle locations
BEUARKS:

1) Data RR is optional.
%)erggta is right-justified and blanks will be interpreted as

3) These valuas ar onstant for an entire run and canno* be
c!:ange?l by t%e optingzsr.

4) Additignal specified baffles were not used in any of the
runs. This value was zero for all rums.
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PAZA BLOCK $S

; DESCRIPTION: De*ailed Printout

|

s RORMAZ: IS

1 2 3 4 5 6 7 8

j IPRT
FIELD CONTENIS
X 1 IPRT A flag to generate a_detailed output
1 of the condenser atalysis (0OUT3)
4 BE4ARKS:
f' 1) Data SS is optional.
fi %Lrggta is right-justified and blanks will be interprated as

E 3 Thege valuas are constant for an entire run and cannot be
E changed by the optimizer.

4) This value vas zero for all runms.

- ‘s
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ARREEDIX C
CONDIP LISTING

The folloving Appendix contains a complate

CONDIP. An effort has been made to aake the program as raad-

abls as possible through liberal us2 of commen

listing for

sards.
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